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Abstract
Inductively coupled plasma mass spectrometry (ICP-MS) was employed for the 
determination of gold in plant materials. Optimum conditions for maximum gold 
(‘^ ’Au) signal were found to be a nebuliser flow rate of 1.02  1 min-i at a forward power 
o f 1.2 kW. Dissolution of plant materials was achieved by investigating two 
procedures. Excellent recovery (102 ± 3.6%) and reproducibility were obtained for 
procedure 2 (i.e. a simple aqua /gg/a-hydrofluoric acid attack). Wash out with an 8% 
aqua regia solution eliminated gold ‘memory effects’. Internal standardisation was 
achieved by iridium ('Hr). Quality control assurance for gold analyses was insured by 
NIST 1571 Orchard Leaves and two ‘in-house’ reference materials. The 
methodologies developed were applied to three separate studies.
Under experimental conditions bryophytes were treated with solutions 
containing gold and multi-elements. All species exhibited a high degree of gold 
accumulation, as high as 6.90 pg g‘* (dry wt.)- producing a percentage uptake from 
solution of 69%. Significant relationships were noted between gold levels and elements 
reported in the literature to be associated with gold (i.e. Ag, As, Fe). Secondly, a 
region of known gold mineralisation in Scotland was investigated. Three distinct zones 
o f gold mineralisation were noted, with gold levels of 620 and 302 ng g-i (dry wt.), in 
contrast to background levels of 3.9 and 4.2 ng g'l (dry wt.) in plant and soil materials, 
respectively. Finally, plant and soil materials were removed from the vicinity of a gold 
mine in New Zealand. The highest gold levels were observed for bryophytes with a 
mean gold concentration of 4791 ng g-i (dry wt.).
This work highlights the analytical difficulties in determining gold in plant 
materials by ICP-MS and demonstrates the efficacious use o f bryophytes as a plant 
medium for the uptake of gold.
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CHAPTER I
Introduction
1. Introduction
There are about ninety naturally occurring elements on the Earth. The form and 
concentration in which these elements can occur in environmental, geological, 
biological or marine systems can vary considerably. Gold is an element that occurs in 
the Earth’s crust with an abundancy of 0.004 pg g-i [Emsley, 1989]. Gold also exists 
in seawater, but at a level of 4 pg 1'^  [Koide et a l, 1988; Emsley, 1989] Gold is even 
a relatively common trace element in coal in concentrations up to 0.01 pg g ' [Swaine, 
1990]. In natural soils gold levels are typically in the range of 0.8 to 8.0 ng g-i 
[Roslakov, 1981], with corresponding plant levels o f approximately 10 ng g-l (dry 
wt.). Gold has been detected in the ash of plants growing over auriferous terrain to a 
concentration exceeding 1 pg g-i (ashed weight) [W ard and Brooks, 1978] 
However, cyanogenic plants and some deciduous trees are able to accumulate even 
greater than 10 pg g-' (dry weight) of gold in their tissues [Lakin et. a l, 1974] Thus, 
from the available data it can be observed that gold levels in plants display a range of
0.0005 to 125 pg g-* (ashed weight) [Shacklette et a l,  1978] Gold levels in the range 
of 0.01 to 0.4 ng g-l (fresh weight) in fruits and vegetables have also been reported 
[Oakes et at., 1977], while levels in the range of 1 to 40 ng g-  ^ (dry weight) have been 
observed for other vascular plants [Bowen, 1979]. Therefore, it can be stated that 
elemental distribution and dispersal is a very complicated process and is co-dependent 
on physical and chemical factors such as weathering, pH, redox properties, solubility, 
etc. Similarly, an inspection of the literature shows that there is a wide range of gold 
results covering values expressed as ash, dry, or fresh weight.
The elements can be essentially grouped into three categories for plant 
materials, namely,
I. M ajor elements: C, N, H, and 0 .
II. M inor elements: Ca, Cl, K, Mg, Na, P, and S.
III. Trace elements: This is the largest group consisting of the 
remaining elements.
The nomenclature employed for the third group relates to the semi-quantitative 
nature o f the data available for these elements at the time. In recent years an increase in 
the selectivity and sensitivity of analytical techniques adopted for 'trace element' 
analysis means that these elements can be more readily quantified. However, the 
terminology still remains popular to the present day.
The development of modern analytical techniques such as instrumental neutron 
activation analysis (INAA) and inductively coupled plasma mass spectrometry (ICP- 
MS), which are capable of detecting elements at the sub ng g-i range has spawned a
new term which refers to a fourth category of elements, i.e. 'ultra-trace elements'. The
above classification is very much a generalised picture for the elements, in so much that 
certain elements may be labelled as major elements in rocks, soils or sediments, but as 
trace or ultra-trace elements in plants or biological tissues and fluids (i.e. A1 and Ti). 
Furthermore, gold is classified as a trace/ultra-trace element under this grouping.
In biological systems such as plants the major elements act as structural components 
while the minor elements maintain electrolyte balance processes. The trace elements 
are employed by the organism for growth and development. Furthermore, the trace 
elements are sub-divided into three groups, essential, non-essential, and toxic. 
Although there is much conjecture regarding the essential and non-essential nature of 
certain elements, a definite pattern has emerged over recent years, in so much as the 
elements B, Co, Cu, Fe, Mn, Mo, Si, and Zn are known to be essential for some 
groups or species of plants [Brooks, 1972].
The category of trace elements referred to as toxic is very much a grey area 
and is dependent on the ability of the organism to dispose of the toxic element, or its 
susceptibility to that element. One element that has received much attention over 
recent years for its toxicity is lead, and has now almost become synonymous with 
metabolic toxicity in various plant species. The other two elements generally referred 
to as toxic are cadmium and mercury. However, all elements can be toxic to plants at a 
high enough concentration. Their uptake is also dependent upon chemical form and 
possible elemental interactions.
Gold is considered to be a non-essential element. Gold toxicity in plants leads 
to necrosis and wilting by loss of turgidity in leaves [Brooks, 1972]. Although used in 
the therapeutic treatment of rheumatoid arthritis, there is no evidence to date that gold 
has an essential role in biological systems.
1.1. M etals in the Natural Environment
The Earth’s crust is the primary source o f all the natural trace elements o f the 
terrestrial and aquatic environments. The weathering of the various rock types results 
in the formation of soil or sediment layers. Subsequently, these layers become the 
substrata for plants which absorb, translocate, and in some cases, bioaccumulate the 
available elements for their sustenance. Living organisms, both animal and human, rely 
on the edible parts of plants as a component of their diet, and hence these trace 
elements make their way into the food chain.
The solubilising effect of water ensures another pathway for trace elements into 
the biosphere via leaching processes. By dissolving and reacting with materials, water 
mobilises and distributes the elements. Further input to the global distribution of the 
elements comes from atmospheric sources including volcanic activity, forest fires, soil 
dusts, and salt sprays.
Changes in the natural geological and biological systems of the Earth’s surface 
take place over many millions of years. However, with the advent of the industrial 
revolution and Man's input to the trace element content of the biosphere through many 
hundreds of years of fashioning and manipulating metals, the changes have been 
nothing short of dramatic, resulting in widespread trace element changes in the 
environment. In order to evaluate the effect o f anthropogenic activity on the various 
environmental systems it is first necessary to establish the natural levels and chemical 
forms of the elements of the Earth’s environment. Typical normal range and arithmetic
mean values o f metals in plants, soil, bryophytes, foodstuffs/grains and rocks are 
shown in Table 1.1 [Peiidias and K abata-Peiidias, 1984].
Table 1.1- Typical 'background’ range and arithm etic means for some im portant 
metals in various environmental materials.
Element
Concentrations (pg g'^ dry wt.)
Plant Soil Bryophyte Foodstuffs/grains Rocks
A1 15-190* NV NV 12- 44 4300- 100000
(109)+ (28) (53990)
As 11-305 2- 25 NV 0.003- 1.500 0.5- 2.6
(108) (11) (0.154) (1.5)
Cd 0.4- 2.7 0.06- 1.10 0.6-3.5 0.02- 0.39 NV
(0.9) (0.6) (1.3) (0.12)
Cu 5- 35 1- 150 5-20 3-9 5- 120
(10) (20) (10) (5) (40)
Hg 2.6- 86 0.02-0.41 0.1- 3.8 7-46 NV
(21) (0.12) (2.2) (19)
Mn 6- 740 100- 1055 31-305 9- 65 350-2000
(138) (510) (155) (32) (1000)
Ni 0.13- 1.7 4- 55 3- 12 1-81 NV
(0.94) (21) (7) (9)
Pb 0.1-28.0 10- 84 8- 95 0.6-2.0 0.1-24
(10) (31) (34) (1.3) (11)
Zn 59-180 24- 105 35-398 1.2-46 NV
(930) (59) (160) (27)
*: Range (min.- max.)
Mean 
NV: No value
1.2. E ffect o f Anthropogenic Activities on the Environment
The role of Man in the biosphere has become so important recently that it was 
necessary to distinguish a new sphere of activity, i.e. the anthroposphere- the sphere of 
man's settlement and activity. Man's impact on the biosphere has been very broad and 
complex. While geological and biological alterations of the Earth’s surface are very 
slow, changes introduced and/or stimulated by man have accumulated extremely 
quickly in recent years. These changes can lead to a degradation of the human 
environment.
Although Man's impact on the biosphere has been dated from the Neolithic Period, the 
problems o f the deterioration of ecosystems due to pollution have become increasingly 
acute during the latter decades of the 20th century. It is evident that, as Man 
manipulates the environment to serve his interests, the ecological ramifications of these 
changes may prove a serious threat to Man's long term well-being.
1.2 .1. Sources of Metals in the Environm ent
The present day levels at which the elements exist in the biosphere are the result of 
many of Man's efforts to control and even master the natural environment. Activities 
such as agriculture, energy consumption and mineral refining add to the pollution 
problem that faces the planet, with trace elements believed to be of a specific 
ecological, biological and health significance. There are many sources of these 
contaminants, which relate to several modern activities.
1.2.1.1. Mining Activities
The oldest and most extensive sources of metal pollution is related to mining which 
commenced in pre-historic times, increased and thrived until the end of the 19th 
century, and then declined rapidly. One method o f mining that has been in operation 
for many hundreds of years is that of surface mining. This technique involves the 
removal of the overburden that lies above a mineral deposit. Surface mining has 
expanded rapidly since World War II, the principal reason being the development of 
larger and more efficient soil moving equipment. In addition to the deleterious effects 
o f surface mining, the landscape may also be scarred by the huge quantities o f solid 
waste generated from benefication and processing operations. This problem is 
encountered primarily in the production of iron ore, phosphate, copper, and coal. 
Moreover, the volume of solid waste generated per unit o f recovery increases as 
technological advances permit economical mining and processing of ores of 
progressively lower grades (e.g. iron ore extraction).
The mining of phosphate presents a large solid waste problem, where the 
extracted phosphate rock (ore), is generally composed of one-third sand, one-third 
clay and one-third phosphate. After processing the ore, the biggest solid waste 
problem is produced by the colloidal clay wastes called slimes. These slimes constitute 
over half of the total plant waste, and are presently disposed of in gigantic settling 
ponds. The production o f copper also generates tremendous amounts of solid waste 
due to the very low initial yield of most copper ores.
It has been estimated that 3.2 million acres of land had been disturbed by 
surface mining in the United States prior to 1965 [Van Tassel, 1970]. Additionally, 
320,000 acres have been disturbed by mine access roads and exploration activities. 
Almost 95% of this total can be attributed to only seven commodities; coal (41%), 
sand and gravel (26%), stone (8%), phosphate (6%), gold (6%), iron (5%), and clay 
(3%). The Soil Conservation Service of the U.S. Department of Agriculture estimates 
that approximately one-third of the total acreage disturbed by surface mining has been 
adequately reclaimed, either by natural forces or man's effort, but this leaves 
approximately 2 million acres still requiring remedial attention.
The land pollution problem at surface mining sites is a very serious one, where severe 
problems o f erosion and leaching of contaminants to the immediate environment are 
inescapable. The most serious type of water pollution encountered in this type of 
mining is that of acid mine drainage. This form of pollution is encountered chiefly in 
the coal industry where sulphur bearing coal comes into contact with surface run-off 
and the sulphuric acid which forms pollutes nearby rivers or streams. A similar 
problem arises when salts of elements such as zinc, lead, arsenic, copper, and 
aluminium enter adjacent streams [Gorham and Gordon, 1960; Gordon and 
Gorham , 1963]. Even in relatively small concentrations, these salts are toxic to fish, 
wildlife, plants and aquatic insects [Harkins and Swain, 1908].
It can be concluded that mining activities, including the extraction of ores, 
crushing, separation and smelting can release high levels o f metals into the 
environment [Haywood, 1907; Little and M artin , 1972; Diiric ct al., 1973; 
Hutchinson and W hitby, 1974]. More recently the use of metal coagulants such as 
mercury, employed during the mining for precious metals (gold and silver) in regions 
of South America has resulted in the metal contamination of river systems. This 
situation is particularly prevalent in Brazil, where in the last ten years a massive 
increase in gold mining activities has lead to a huge discharge of metallic mercury into 
the aquatic ecosystem which has caused the contamination o f natural food and 
drinking water [Nriagii et al., 1989]. There is evidence that for each gram of gold 
extracted, two grams of metallic mercury are used. From this proportion, part is lost 
directly to the aquatic system, and part is evaporated to the atmosphere and later 
precipitated into the environment. This contaminant load to the river system, through 
the mining of gold, does not appear to be alleviating with 1,467 tonnes o f gold 
extracted in the year 1974 and 2,000 tonnes forecast for the turn of the century 
[Peiidias and Kabata-Peiidias, 1984]. Furthermore, the dispersion of inorganic 
mercury and methylmercury has been detected in sites far from the source of exposure 
[Lacerda, 1989]. Even at old gold mines (now redundant) in the North Carolina area 
of the U.S.A. where the use of mercury in the extraction of gold was stopped many 
years ago, high levels of mercury contamination in the immediate environment can still 
be observed, with mercuiy levels in sediments and mosses as high as 7.4  and 4 .9  pg g ' 
(dry wt.), respectively, in contrast to a natural background level of 0.21 pg g ' (dry 
wt ) [Callahan 1994]
1.2.1.2. Motor Vehicles
Essentially motor vehicles provide two sources of metal pollution to the environment; 
(i) those present in the fuel (both petrol and diesel), which are emitted mainly in the 
exhaust products, and (ii) those released as a result o f wear of the components of the 
vehicle. A large percentage of metal deposition results from frictional wear (i.e. tyres 
and braking system, etc.) or originates from corrosive action which results in rust 
fragment deposition.
The extent of metal pollution from vehicles in a particular region is dependent 
on traffic density, while the overall metal dispersal and distribution is dependent on the 
prevailing weather conditions and the nature and form of the metal pollutant.
The overall metal content o f fuel (including Cd, Cr, Cu, Pb, and Zn) reflects the origin 
o f the initial crude oil and the addition o f tetraethyl and tetramethyl lead as anti-knock 
agents [Cannon and Bowles, 1962; Chow, 1970; M otto et al., 1970; Lee, 1972]. 
Both Cd and Zn are present in lubricating oils and tyres, Cr and Ni are used in chrome 
car trims, Cu in piping, Ce, Ni, and V in welding materials, Pb is employed in case 
hardening o f gears and Cu and Zn are present in brake pads [M artin and Coughtrey, 
1982]
1.2.1.3. Modern Agricultural Techniques
The greatest environmental threat from modern agricultural techniques is the use of 
pesticides (which encompasses insecticides, fungicides and herbicides). Pesticides are a 
chemical means of eliminating undesirable biological species which represent a threat 
to human food crops. The complexity of ecological interactions produces unexpected 
effects from pesticide use and can seriously upset the ecological balance of the 
immediate environment in which they are used. There is evidence that pesticides are 
persisting in the environment and adversely affecting living organisms [British 
M edical Association, 1992].
Metals occur in significant quantities in metal-stabilised or derivative 
pesticides, agricultural wastes, sludges and slurries, inorganic fertilisers, and many 
other materials (e.g. zinc-plated fencing, animal food additives and supplements, zinc 
and lead-based paints, etc.). Indeed, highly toxic heavy metals have been employed 
extensively as pesticides or biocides and have been dispersed into the environment.
The use of fertilisers is also problematic. One study observed the response of 
crops to excessive zinc fertilisation [Boawn and Rasmussen, 1971]. Although very 
little fertiliser is now employed in Africa, Asia, and Latin America, fertiliser production 
World-wide is still increasing [Report on the Study of Critical Environm ental 
Problems, 1970]. One aspect of modern agricultural practice is the use o f sewage 
sludge on land, which contains high quantities of As, B, Cd, Cr, Cu, Hg, Mo, Ni, Pb, 
and Zn.
1.2.1.4. Power Generation Plants
In traditional coal-burning power stations, the incombustible mineral content of the 
coal is either left behind in the furnace as boiler slag or bottom ash, or passes into the 
flue gas stream as fly ash, and is emitted into the atmosphere as particulates of various 
sizes. Although modern devices for control of particulate emissions operate at high 
efficiencies they are not very successâil at retaining smaller (i.e. less than 1 pm) 
particles. Therefore, the elements in coal fly ash such as Al, As, Ca, Cd, Co, Cr, Cu, 
Fe, K, Mg, Na, Pb, S, Si, Ti, V, and Zn find their way into the atmosphere.
In modern nuclear power stations carefully controlled levels o f fission and 
activation products are emitted into the environment. Most o f the gaseous 
radionuclides have very little environmental impact as they have very short half-lives 
and are released in small amounts.
Liquid waste arises mainly from cooling ponds where the spent fuel elements are 
stored to allow the short-lived isotopes to decay. The ponds also contain neutron 
activated corrosion products from the fuel cladding, such as ^^Fe, '^^Cr, ^^Mn, and 
^^Co. Filtration, evaporation and ion exchange resins are employed to concentrate the 
radionuclides in water. The wet sludge that remains is discharged into the sea or river 
after careful monitoring. Solid wastes produced in power stations include parts from 
the core, control rods, valves, filters, ash from incinerators, sludges and redundant ion 
exchange resins.
Reprocessing the fuel involves the recovery of plutonium and unburned 
uranium from spent fuel rods. This is achieved by a series o f solvent extractions and 
ion exchange treatments. This process results in large quantities of gaseous, liquid and 
solid wastes much o f which is contaminated with plutonium and other transuranic 
elements.
1.2.1.5. Landfill Sites
Landfill sites are used for the disposal and storage of domestic waste, metals and 
chemicals. However, the contaminants may be leached, by precipitation, from the site 
into the surrounding soils and groundwater. A wide range of metals including Cd, Cu, 
Hg, Mg, Ni, Pb, and Zn are contained in the leachate, and all pose ecological 
problems. Table 1.2 shows a summary of the various sources of metal contaminants in 
the natural environment.
Table 1.2- Sources of metal contamination in the natural environment after 
Martin and Coughtrey, 1982.
Source category Source type M etal(s)
Roadside: General Cd, Cr, Cu, Ni, Pb, Zn
Tyres Cd, Zn
Urban: Roadways Pb
Coal fired power generation As, B, Be, Cu, Fe, Hg, Mn, Mo, 
Sb, Se, Sr, Ti, U, V, Zn
Fly ashes As, Hg, In, Pb, Sb, Zn
High tension cables Cu
Refuse incineration Ag, As, Cd, Cr, Cu, Hg, Ni, Pb, 
Sb, Sc, Sn, Zn
Industrial:
Airport Ag, Cd, Co, Cr, Cu, Fe, Hg, 
Ni, Zn
(a) Smelters Lead smelters Cd, Cu, Pb, Zn
Lead fbundiy Pb
Zinc smelters Cd, Fe, Mn, Pb, Zn
Copper smelters As, Cd, Cu, Pb, Zn
Nickel smelters Cd, Co, Cu, Fe, Ni, Pb, Zn
Gold mining and smelting As, All, Co, Cr, Hg, Sb
(b) M etalliferous Zinc refiner}' Cd, Zn
W orks Zinc mill Cd, Pb, Zn
Steel works Cd, Cu, Fe, Mn, Pb, Zn
iron works Cd, Cr, Fe, Mn, Ni, Zn
(c) Non-metalliferous Electrolysis works Hg
W orks Phosphate works Be, Cd, Cr, Fe, Ni, Pb, Se, Th, U, 
V, Zn,
Oil refinery Mo
Fossil fliel Hg
Agricultural: Sewage sludges As, Cd, Cr, Cu, Hg, Mn, Mo. Ni, 
Pb, Zn ■
Phosphate fertilisers Cd, Cr, Cu, Ni, Pb, Zn
Orchard sprays As, Cd, Cu, Hg, Pb
Mining and metal Open-cast lead mining Cd, Cu, Pb, Zn
extraction: Zinc mining Ag, Cd, Cu. Pb, Zn
Nickel mining Ni
Silver mining Ag
Gold miming Au
Coal strip-mining Al, Cu, Fe, Mn, Mo
Mine wastes Cd, Pb, Zn
In conclusion, it can be stated that those metals which have received most 
attention, both in terms of sources and effects, are those which are considered as 
essential or toxic, or show a high geochemical abundance (i.e. Cd, Cu, Fe, Hg, Mo,
Pb, and Zn). The importance of a metal as an environmental pollutant does not always 
directly relate to its abundance and therefore improved techniques for measuring trace 
elements in the environment are important for pollution monitoring and control.
There are many pathways for metals to enter the natural environment and a 
multitude of interactions. This situation is represented schematically in Fig. 1.1.
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Fig. 1.1- Metal interactions in the environment after Martin and
Coughtrey, 1982.
There are many techniques employed these days to monitor and investigate the 
dispersion and distribution of these environmental contaminants, in many cases 
biological systems such as plant and soil materials, endemic to the area under scrutiny, 
are used as such monitors.
1.3. Biological Indicators and M onitors
The terms 'indicators' and 'monitors' frequently describe the use of biological materials 
and plant or animal species in environmental studies. Indicators refer to the ability of 
the organism involved to simply indicate the presence or absence o f any particular 
factor (i.e. metal). The basis of using a plant or animal species as an indicator relates to 
the fact that the mere presence or absence o f the species tells us something specific 
about the habitat or general environment. In some cases physiological changes of an 
organism can be used to indicate the presence of some metals, e.g. changes in flower
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colour or chlorosis of leaves. In the case of heavy metals the most extensive use of 
plants as indicators has been for recognising geological metal-ore deposits [Cannon, 
1957; Airpova and Talipov, 1966a; Sliacklette, 1972; Rasmussen and Johnsen, 
1976; Girling and Peterson, 1978b; Brooks and Naidu, 1985]. Indeed, one study 
carried out employed local indicator plants for the direct detection o f nickeliferous 
mineralisation [Brooks ct al., 1977], and several studies have used Dicotyledons as 
accumulators of aluminium [Webb, 1954; Cheneiy and Sporne, 1976]
The term monitor is used when plant or animal species are used to study 
temporal or make spatial comparisons of the amount o f pollutant or mineralisation 
within or between geographical areas. Two of the basic requirements for the use o f 
biomonitors are that they must occur in some abundance throughout the areas o f 
study, both in polluted and non-polluted parts, or in mineralised and non-mineralised 
areas, and that they should respond to changes in the degree of pollution and 
mineralisation [Brooks, 1972].
The main advantage of using a biological monitor, such as bryophytes, for 
studying the distribution and level of environmental mineralisation or contamination is 
that the monitor is part o f the complex ecosystem. Many factors influence the uptake 
of these metals by the particular environmental biomonitor, these include; wind 
velocity, temperature, rainfall, as well as the size, shape and surface characteristics o f 
the vegetation. For a biomonitor to be used as an environmental indicator certain 
criteria must be fulfilled;
I. airborne pollutants and terrestrial metals accumulate in the plant 
to a measurable concentration,
II. natural or 'background' concentrations of metals in the plant 
remain approximately constant,
III. its distribution is such that urban habitats and industrial areas, 
even entire countries can be monitored,
IV. cost of collection and analysis is relatively low.
Many species of plant both higher, vascular plant and lower forms, have been 
employed in the biomonitoring of mineralisation and environmental pollution, but by 
far the most widely used of plant species over the last few decades has been 
bryophytes.
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1.4. Bryophytes
The following discussion describes the various classes of lower plant forms known as 
bryophytes together with their fundamental properties and structure.
1.4.1. Structure and Classification
Mosses and liverworts constitute the phylum Bryophyta and are grouped together 
because they possess a similar growth cycle. The initial vegetative, green stage ends at 
fertilization which is followed by the formation and shedding o f spores.
Although all bryophytes are morphologically distinct from the Thallophytes 
(large group of primitive plants consisting o f the eight algal and two fungal phyla), it is 
difficult to separate the bryophytes from the algae. Perhaps the two greatest 
differences between algae and bryophytes are the general structure o f the plant bodies 
and the gametangia (location of the reproductive cells). The plant body of the 
Thallophytes is generally composed o f either single cells (or filaments o f cells), or of 
intertwining filaments, resulting in a complex body. With the exception of one stage in 
the life history of mosses, the bryophyte plant body is never filamentous. It is 
composed of blocks or sheets of cells forming parenchymatous tissue (principle tissue 
o f the cortex).
Bryophytes are easily separated from all other land plants because, instead of 
true roots they possess rhizoids that act as absorbing organs. They also possess small 
leafy stalks which produce sperm and egg cells. The mosses, which lack vascular 
tissue, are thought to have arisen from the Chlorophyta (one phylum of algae 
containing chlorophylls, namely the green algae), but not to have given rise to any 
other land plants. In other words, the mosses we see today are essentially the same as 
when they first evolved. The only unifying characteristic o f all the remaining plants is 
that their reproductive cells are protected by a jacket of sterile cells.
Bryophytes are divided into three classes; the Hepaticae (liverworts), the 
Anthocerotae (anthroceros) and the Musci (mosses).
1.4.1.1. Class Hepaticae
The Hepaticae (commonly known as the liverworts) tend to grow in moist, shady 
localities. The gametophyte is the prominent part, it is green and may grow either as a 
flat ribbon or as a leafy shoot.
1.4.1.2. Class A ntlwcerotae
The Anthrocerotae have the simplest gametophytes of the bryophyta. They possess 
small, green thalli with little internal differentiation of vegetative tissues. The anthredia 
are similar in structure to those encountered among the Hepaticae.
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1.4.1.3. Class Musci
The mosses are small plants, but are nevertheless conspicuous. They frequently cover 
large areas of stream banks and they grow on rocks, trees, and sometimes submerged 
in streams. Some are able to resist considerable drought, but, like the liverworts, all 
require moisture for active growth and reproduction. The mosses themselves are 
separated into three major groups;
a) Granite mosses (Anthreaeaopsida). There are approximately 100 
species which form widely scattered blackish or dark red-brown 
patches on rocks in mountainous or Arctic regions.
b) Peat mosses (Sphagnopsida). There are approximately 300 species 
which are abundant in acid mires (bogs) and are immediately 
recognisable by their distinctive features. They form the bright green, 
or occasionally reddish, clumps on acid boggy ground. At the apex of 
the Sphagnum plant, the branches are usually tightly packed together 
to form a mop-like head. Below these there are divergent branches 
which spread widely from the stem. All these are clothed in leaves 
composed of large dead cells surrounded by narrow green, or 
sometimes red, pigmented living cells. The dead cells have pores and 
thickenings and readily become filled with water. Thus, the water 
holding capacity of a Sphagnum plant is up to 20 times its dry 
weight.
c) True mosses (Bryopsida). This is the largest group o f mosses with 
14,000 species. There are two basic growth habits; tuft-forming 
(acrocarpous) and carpet- forming (pleurocarpous). In the former, 
buds formed on the extending green filaments, which develop from a 
germinating spore, grow upwards to form a compact tuft. The 
individual shoots are unbranched to sparingly branched with groups 
of rhizoids at the base. Such mosses are frequently epiphytes (growing 
on other plants as a means o f support). In contrast, the shoots o f the 
pleurocarpus mosses branch frequently and tend to be horizontally 
oriented. The mosses as a class show great structural uniformity. The 
gametophytes of nearly all the species have two growth stages, (i) a 
creeping, filamentous stage (the protonema), from which is developed 
(ii) the moss plant with an upright or horizontal stem bearing small, 
spirally arranged green leaves. Rhizoids are found at the base o f the 
stem, which absorb water and solutes, anchor the leafy shoot to the soil 
and may give rise to protonemata under favourable conditions. 
Gametangia occur at the tips o f either the main or lateral branches.
1.5. Biomonitoring of Trace Pollutants by Means of Bryophytes
As early as the 1960s the ability of bryophytes to accumulate airborne trace metals was 
used to monitor the spread of pollutants [Ruhling and Tyler, 1968]. Although aquatic 
bryophytes had already been used as indicators for uranium mineralisation [W hitehead 
and Brooks, 1969], it was not until some years later that the use of aquatic moss to 
monitor trace metal pollution of natural waters was proposed [Empain, 1976] 
Terrestrial moss were also observed to be suitable for use as a biomonitor for a wide 
range of trace pollutants [Ruhling and Tyler, 1970; M artinez et a!., 1971; Yeaple, 
1972; Huckabee, 1973; Thomas, 1979; Thomas and H errm ann, 1980]
Many studies have utilised bryoph>'tes as accumulators o f metals from the 
substrate and experimentation has shown that particular species show differing 
accumulation of and tolerance toward individual or combinations of metallic ions 
[Noeske et al., 1970]. Bryophytes were employed in one study to accumulate and, 
hence, verify the presence of heavy metals in the soils around waste tips o f a coal mine 
in Eastern Ohio [Lawrey and Rudolph, 1975]. Observations have shown that the 
majority of biyophytes have an innate tendency to accumulate some metals (e.g. Fe, 
Pb, Zn, and Ni) from their substrate and the atmosphere [Lounama, 1956; LeRoy 
and Kokosy, 1962]. It has been noted that bryophytes resemble higher plants rather 
than lichens in their behaviour towards certain metals. Some species o f bryophyte are 
known as indicators of sites of Cu enrichment in the substrate (the so- called 'copper 
mosses'- Mielichoferia macrocarpa) [Persson, 1956].
The over-riding factor for the use o f bryophytes as biomonitors is their ability 
to grow in various habitats. For example, mosses and lichens are found on exposed 
soils and rocks, growing on other plants, especially tree trunks, or on the forest floor. 
In the first case, the exposed mosses and lichens have the advantage o f not being 
subjected to interception loss of metals by forest canopies. However, plants growing 
on rocks and soils (epilithic species) could obtain metals from the soil or rock, 
complicating the interpretation of atmospheric deposition of such metals. Thus, the 
choice o f vegetation must be made to maximise the atmospheric input of metals and 
minimise the role of the substrate the plant grows on.
Most studies of metal deposition in the ecosystem have used Sphagnum moss 
as opposed to lichens, which have been employed extensively in many atmospheric 
deposition related studies [Johnsen and Socliting, 1973; Puckett et al., 1973; 
Sochting and Johnsen, 1974; Nieboer and Richardson, 1980]. This is, in part, due 
to the fact that Sphagnum mosses are more common than lichens. Table 1.3 shows 
significant studies carried out in the field of biomonitoring of metals by bryophytes in 
the natural environment.
The ability of Sphagnum to trap metals is related to several properties o f the 
moss and nature of the moss layer including biomass (stem) density, growth rate, 
structure of Sphagnum leaves, cation exchange processes, and strength o f metal 
absorption [Pakariiien, 1978a]
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There is a problem of both inter- and intra-sepcific variability of metal uptake, which 
are related to a quantity termed the coefficient of variation (CV). Measurements of 
CVs in Finnish sites produced values for Mn of 22%; Fe, 11%; Pb and Cu, 8%; and 
Zn, 7% [Pakannen, 1981]. Analysis o f 10 replicate samples of Sphagnum fuscm i 
from a site in north west Quebec displayed the following CVs; Cu, 36.1%; Zn, 8 .0%; 
Fe, 16.1%; Pb, 38.0%; and Cr, 61.1% [Glooschenko and Capobianco, 1978]
In terms of the physiological ecology of the moss, growth rate and biomass 
density are an important influence on the metal uptake. It has been reported that the 
higher the production o f new plant material, the less the concentration of metal within 
the mosses [Pakariiien, 1978b]. Besides growth rate, another important attribute 
influencing uptake o f metals is cation-exchange capacity. A further consideration 
relates to the active versus passive uptake o f different elements. Some elements such as 
N, P and K exhibit active uptake by Sphagnum while others, such as Pb, are felt to 
involve passive uptake [Pakannen and Tolonen, 1976; Pakariiien, 1978a]. In terms 
o f ecological significance, the question o f active versus passive uptake is probably 
unimportant.
1.6. Gold
1 .6 .1. Introduction
Gold in very small quantities can be detected in most of the common rocks and even in 
sea water. The very low levels in which gold exists in such material makes it quite 
unrealistic to expect that it will ever be recovered in significant quantities. Even so, the 
widespread traces of gold provide interesting evidence o f the distribution o f the 
element.
The metal is obtained on a commercial scale only from certain geological 
bodies of rather limited size known as ore deposits, in which gold has been 
concentrated by one or more natural processes. With the ample allowances of 
geological time, such concentrations can be brought about by a variety of agencies, 
which may be as diverse as the segregation of the metal in a crystallising melt or the 
hydraulic sorting o f heavy minerals in the sands and gravels of rivers and beaches. 
Even in commercial ore deposits the gold content is remarkably low; the bulk o f 
present-day production comes from ores containing between 5 and 15g of gold per 
metric ton or 5 to 15 parts per million (ppm).
It has been estimated that since the discovery of America in 1492 to the end o f 
1935 the World produced 1,194,913,216 ounces of gold. I f  this were cast into a cube, 
the edge of the cube would be about 41 feet [Wise, 1964]. Of this amount North 
America produced 27.5%; South America, 10.9%; Europe and Siberia, 11 .2%; Asia, 
except Siberia, 4.3%; Africa, 30.7%; Australasia, 15.2%; others, 0 .2%. Gold is so inert 
that most of it is found native. Pure gold is called 24-carat gold, and its alloys with 
silver and copper, which differ in hardness and hue, are classified according to the 
proportion of gold they contain, e.g. 10- and 14-carat gold contain and parts 
by mass o f gold, respectively. Table 1.4 gives a chronological list o f the mine
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production for the ‘non-communist’ World between 1981 and 1987 [Beunderman, 
1989].
Table 1.4- M ine production of gold in the non-communist W orld between 1981 
and 1987 after Beunderm an, 1989.
Region 1981
Gold production (tonnes) 
1983 1985 1987
Canada 53 73 90 120
U.S.A. 44 63 80 155
Latin America 100 140 174 191
Australia 18 31 58 108
South Africa 658 680 672 607
Other 108 127 159 192
Total 981 1114 1233 1373
1.6.2. The Chem istiy of Gold
Gold lies in the d-block of the periodic table. All the elements in this block are metals. 
Those elements to the left o f the block, near scandium, have lower ionisation energies 
and are therefore reactive, resembling the s-block metals, and those that lie to the right 
o f the block (e.g. gold) have higher ionisation energies and are less reactive, 
resembling the more chemically 'sluggish' metals of the p-block. The unreactive nature 
of copper and gold brings about their use as coinage metals. The fact that the metals of 
this block exhibit characteristics of both the s- and p-block elements brought about the 
nomenclature 'transition metals'. The electron configuration o f gold is, including the 
noble-gas core and using the building-up principle, [X e]4f‘^ Sd'^s^
A feature of the d-block elements is their ability to form a variety of cations 
with different oxidation numbers, i.e. to exhibit variable oxidation state- gold forms 
Au^ and Au^"' ions. The more common oxidation number in its compounds is +3. 
Gold(I) compounds tend to disproportionate into metallic gold and gold(III) in 
aqueous solutions.
3AiG(aq)—> 2Au(s) + Au^^(aq)
Gold can form compounds as Au^ by the loss of an electron from the 
outermost s valence shell. However, gold can also form compounds as Au^^, where 
two electrons have been lost from the d sub-shell. The two extra electrons lost act as 
an 'inert-pair', i.e. they can participate in reactions if the conditions are right. Gold as 
Au^ is an example o f a cation with a pseudonoble-gas configuration, i.e. [noble 
gasjnd^®. However, this configuration is more easily broken up than a true noble-gas 
core.
Although there is no conclusive evidence for the gold(II) oxidation state, certain 
products have been obtained with an empirical composition which indicate this state,
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e.g. Au S and AuCl2. Such materials are generally regarded as complex molecules 
containing equal numbers of Au(I) and Au(III) atoms.
All compounds of monovalent gold, which are not complex or are insoluble, 
and, with the exception o f the cyanide AuCN, are unstable in the presence of water, 
liberating metallic gold. The most important compounds of monovalent gold are the 
complex cyanides such as K[Au(CN)2] and Na[Au(CN)2], which are stable compounds 
o f great industrial importance in electroplating.
Gold lies well above hydrogen in the electrochemical series and is too noble to 
react with nitric acid. Both gold couples lie above H^/H: and above NO3', H^/NO, 
N2O:
A u ^ + e ' ^ A u  E^=+1.69V
Au^+ + 3e" -»  Au E”= +1.40 V
NO3 + 4H+ + 3c- -> NO + 2H2O E ‘^ = +0.96 V
Where is the standard electrode potential relative to the standard
hydrogen half cell using a 1.0 M solution at 25° C.
However, gold does react with aqua regia because the Au^ "*" ions form the 
complex ion AuClT with Cl' ions (see section 2.6.3.2.).
1.6.3. Properties of Gold
Hot sulphur vapour does not damage gold and oxygen has no effect upon its high 
temperature behaviour, which distinguishes gold from all other metals and is the reason 
for using gold in high temperature devices. Physical and mechanical properties such as 
density, malleability, ductility and indestructibility have made gold into one o f the most 
important metals.
1.6.4. Solubility of Gold
For gold to dissolve in an acid solution, two criteria need to be met, namely;
a) the presence, in excess, o f the Cl' ion (to form AuCU'),
b) the presence of a strong oxidising agent.
These requirements eliminate HCl and other common acids, by themselves, as 
solvents for gold. The inability of acids to affect the metal (except at high 
temperatures) has been demonstrated experimentally for inorganic acids [Ogiyzlo,
1935], and for organic acids [Fetzer, 1934]
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1.6.5. The Effects of Tem perature and Pressure on the Solubility of Gold
The effects of temperature and pressure on the solubility of gold are not predictable 
because there is a lack of thermodynamic data. However, studies carried out using 
solutions in bombs at 200-300° C indicated that oxidation by free oxygen goes further 
at high temperatures [Ogiyzlov, 1935]. It has even been shown that the use o f HCl 
with no oxidising agent higher than H+, reacts with gold at high temperatures and 
pressures. Experiments carried out demonstrated a marked increase in the solubility of 
gold at high temperatures [Ogryzlov, 1935; Zvyaginstev and Paulsen, 1938]. The 
effect of pressure has not been investigated experimentally. However, the effect is 
probably negligible on reactions which do not involve a gas, but may be large if a gas is 
consumed or produced. Reactions requiring H^ and Cl" would be aided by increased 
pressure at high temperatures, since pressure determines how much HCl will remain in 
solution.
1.6.6. Colloidal Solutions
It has been shown that gold sols, especially when protected by colloidal silica, are 
stable at high temperatures [Frondel, 1938] If gold, originally present in the solution 
at high temperatures, is reduced to the metal as the temperatures falls, it may well 
appear, first as a colloid rather than as a precipitate, and in this form may be 
transported in quantities larger than would be expected in true solution. The common 
association of gold with sulphides is explained as a surface effect o f the sulphides on 
gold sols, since experiments show that gold coagulates more readily on sulphides than 
on quartz, calcite, or barite [Zvyaginstev and Paulsen, 1938]
1.6.7. Gold in the Environment
Gold can occur as a free metal in nature and, owing to its chemical resistance, it is also 
found alloyed with silver, bismuth, and tellurium in ores, rocks, and minerals. Gold can 
be found to some degree in river beds and seawater. However, the solubility of gold in 
seawater is negligible due to the alkalinity of this medium and the absence of sulphide.
Gold is generally inert and this property has led to much speculation regarding 
the chemical conditions present in nature that determine its transport. Although there is 
much conjecture on this topic, it has been concluded that acid chloride solutions in the 
presence o f a strong oxidising agent produce conditions favourable for the dissolution 
of gold [Emmons, 1917; Krauskopf, 1951, 1957; Kelly and Cloke, 1961; Cloke 
and Kelly, 1964].
Gold is a rare element in the Earth’s crust and its average concentration in 
rocks is less than 4 ng g '\  Gold is relatively stable in hypergenic zones. Under certain 
weathering conditions it is known to form several complex ions (AUCI2 , AuBr^-, and 
Au(CN)2") that are readily mobile. Furthermore, gold appears to be transported most 
often in the form of organometallic compounds or chelates. Research carried out 
concluded that the dissolution of gold as bromide and iodide occurred in the oxidation 
zone of sulphide-type deposits [Cluiklirov, 1947]
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Experiments were performed on the dissolution of gold in solutions formed during 
oxidation o f natural sulphides of lead, zinc and iron [Listova ct a l,  1966] The authors 
noted that the presence of carbonates shifted that process of sulphide oxidation toward 
increased concentrations o f intermediate products of sulphide oxidation. It was also 
observed that the calcium thiosulphate and calcium polythionate, formed during the 
reaction of carbonates with the products o f sulphide oxidation, were found to be 
solvents o f gold. Furthermore, these compounds were found to be easily soluble and 
could exist and migrate with surface waters for a prolonged time. Therefore, it was 
suggested that gold thiosulphate may be absorbed by plants in a natural environment.
A study carried out on the gold content of rocks, plants and waters at a gold 
mineralised area in the former U.S.S.R. concluded that the ion-complex form was the 
most probable form of gold migration in contemporary waters and inferred that the 
gold found in plants at this site had been absorbed in this form [Aferov et al., 1968].
A study carried out in Canada concluded that humus developed on glacially 
transported overburden can contain 'exotic' gold (i.e. gold that is transported to the site 
along with the overburden and bears no relation to the underlying bedrock) and 
'indigenous' gold (i.e. gold that is derived from underlying bedrock gold mineralisation 
and then carried to the humus horizon by biological mechanisms) [Pei iy  and Van 
Loon, 1991]. The authors noted that the concentration of weakly bound gold 
increased with proximity to bedrock gold mineralisation at two study sites. Within-site 
variability was noted in the study. However, this was to be expected since sampling 
sites will have different average concentrations of organic matter in their local humus 
layer as the result o f differences in the rates o f the various natural humus-drift mixing 
mechanisms (e.g. bioturbation- the stirring of a sediment by organisms, often 
destroying its structure) at each individual sample site locality. Furthermore, it was 
concluded by the authors that much o f the favourable gold exploration terrain in 
Canada, and elsewhere, contains humus horizons developed on glacially transported 
overburden.
It has been suggested that gold associated with organic matter (humus) in 
proximity to gold mineralisation may be associated with humin, humic, and fulvic acid 
components. Away from mineral occurrences gold in humus appears to be associated 
only with the fulvic acid component [Periy and Van loon, 1991].
In natural environments, dissolved gold occurs as AuCl^' and AUCI2’ in acidic 
solutions and as Au$2 or Au S' in basic solutions [Ong and Swanson, 1969]. The 
authors further reported that, in the interactions of gold with different types o f natural 
organic acids, the gold is not oxidised and complexed by the organic molecules but 
that organic concentrations in the range 3- 30 pg ml'  ^ could reduce gold chloride 
solutions to negatively charged colloids of metallic gold. In the study they stated that.
Tor the 30 pg niH organic acid solutions, the reduction process is accomplished by 
the formation o f a protective coating o f hydrophilic organic molecules around the 
hydrophobic gold sol making the gold very stable fo r  at least 8 months and not easily 
coagulated by cations. The gold sols so formed are less than JO mp [millimicrons] in 
size. This protective layer is also formed when colloidal gold is mixed with organic 
acids. For the 3 pg mH organic acid, the organic matter concentration is too low to
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form the protective coating and the colloidal gold precipitates’ [Ong and Swanson, 
1969]
Thus, it was suggested by the authors that gold sols o f 10'  ^ pm in size could 
theoretically enter into the vascular system of the plant. Various lines of evidence 
support the concept that gold is mobile as dissolved or colloidal complexes in surficial 
environments.
From the studies performed on this subject area it can be inferred that the forms 
o f gold responsible for the elevated concentrations near mineralised zones are not well 
understood but may include elemental colloidal gold (possibly coated with organic 
matter), dissolved complexes with ligands such as Cl", OH', HS’, 8^0 % CN, and 
dissolved organic matter, as well as dissolved complexes attached to colloidal metal 
oxide or clay minerals.
In arid and semiarid regions such as Western Australia and Northeastern Brazil, 
dissolution of elemental gold by acidic and chlorine-rich waters have been proposed as 
a mobilisation mechanism [Mann, 1984; W ebster and M ann, 1984]
1,6.7.1. Mobility and Transport o f  Gold in the Natural Environment
The possible means of gold transport in the weathering cycle includes ionic, colloidal 
and organic complexation. Ionic and colloidal transport require that gold enters the 
hydrosphere largely as AuCl^'. It has been demonstrated that AuCfy can be produced 
during the weathering of gold-bearing ore bodies [Krauskopf, 1967]. The conditions 
necessary for this to occur are that both H and Cl' are present, with one of these in 
relatively high concentration and the addition o f an oxidising agent, such as Mn0 2 - 
Such conditions rarely exist in nature and may occur only locally [Freise, 1931].
The migration of gold in the weathering cycle has been the subject o f much 
speculation, where both organic and inorganic mechanisms have been strongly 
supported. Experimental evidence indicating that inorganic processes, such as the 
dissolution of gold by a solution of iron(III) sulphate in water (Fe2(S0 4 )3) have been 
proposed to occur in nature [Stokes, 1906] The study demonstrated that substantial 
dissolution occurred only in the presence of Cl'. Experimental evidence and 
thermodynamic data have been presented for the dissolution o f gold as AuCU' 
[Krauskopf, 1951]
A proposal was made that humic acid was active in the precipitation o f gold in 
alluvial deposits [Julien, 1879]. Attention was drawn to the fact that some o f the gold 
o f Brazilian alluvial deposits was extremely fine-grained and of high purity [Freise, 
1931], this observation contrasting with detrital gold which contained copper. The 
high purity gold often carried a brown to black coating which as found to be iron 
humate. This form of gold, called 'black gold' by early prospectors, was found to occur 
in many alluvial deposits. The occurrence of carbonaceous matter with gold in 
sedimentary rocks has been widely reported [Ong and Swanson, 1969]. Several 
regions, including the Witwatersrand in South Africa and the Thuringian shales in 
Germany, have been found to contain this form of gold. It has been proposed that such 
carbonaceous matter originated as humate.
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Experimental evidence for the solubility of gold in humic acid has also been reported 
[Freise, 1931]. Furthermore, the theoretical plausibility of the formation of a humic 
acid complex of gold was later established [Shicherbiiia, 1956]. In the natural 
environment gold can be dissolved, complexed and transported in peat and other 
organic-rich horizons. Studies have shown that humic and fulvic acids or other organic 
fractions can interact with dissolved gold species [Baker, 1978, Dissanayake and 
Kritsotakis, 1984]. A study performed on the role of humic acid in the transport of 
gold demonstrated that humic acid can dissolve, complex and transport gold. The 
formation of a complex between gold and humic acid was indicated by the results of 
polarographic, solvent extraction and X-ray diffraction investigations [Baker, 1978] 
Thus, the formation of the humic acid complex of gold may be important in the 
mobilisation of the element on the Earth's surface. This formation is not subject to the 
problems of stability and solubility, which are characteristic of ionic and colloidal gold.
However, contrasting views have been proposed indicating that gold is 
transported as a colloid, where humic acid acts as a reductor and as a protective 
colloid [Fetzer, 1946]. The molecular weight range of humic substances, estimated to 
be in the range 2000- 300,000 [Dubach and M etha, 1963], demands that a large 
proportion of such molecules are o f colloidal size. Investigations described earlier on 
the reduction of AuClf to colloidal gold in the presence of humic acid, which was also 
found to act as a protective colloid for the gold sol formed, resulted in a colloidal 
model of gold mobilisation in the weathering cycle. It was concluded that, for 
environments where organic activity was low, a colloidal model o f transport was more 
satisfactory than one based on inorganic complexes.
The concept that gold cannot be complexed by humic acid derives from the fact 
that such complexation involves oxidation, and that humic acid had been generally 
considered to be a reducing agent. Although reducing conditions occur in areas o f peat 
formation, this may not necessarily be due to the presence of humic acid, nor do they 
apply universally to interfaces between rock and soil [Baker, 1978]. Furthermore, E^ 
(the redox potential) values for 500 mg ml'^ humic acid preparations, which were 
found to be of the order of +0.3 V, indicated that they were not strongly reducing in 
character [Baker, 1978]. A study performed on the redox characteristics of 
suspensions of peat humic acid in H2O derived a value for E^ of +0.7 V, in addition, it 
was noted that the redox potential o f complexes o f gold decrease with their increasing 
stability [Shicherbiiia, 1956]. Therefore, for reactions o f the type,
A11X4- + 3e"—> Au + 4X"
where, X is Cl", Br" and SCN" with E*^  values o f +1.00, +0.86, and +0.66 V, 
respectively. If the stability of the humic acid complex of gold was near that o f Au 
(SCN)4’, it would be possible that oxidation of gold could occur under natural 
conditions. It was concluded that humic acid, originating through microbial action in 
the products of degeneration of the extensive vegetation cover, appears well suited to 
the mobilisation of gold since it is present in soil water from the time of formation of 
the interface between soil and rock, it could generate a humic acid complex o f gold by 
reaction with traces of the metal [Baker, 1978].
2 2
A study carried out in the Empire district of Colorado, U.S.A. on the gold content o f 
mull (forest humus layer), defined as,
"A hmmis-rich layer consisting o f mixed organic and mineral matter, generally with a 
gradational boundary to the underlying mineral horizon" [U.S. D epartm ent of 
A griculture, 1951].
reported gold levels higher than 0.6 pg (ash wt.) [Curtin et ah, 1968]. It was 
suggested that the gold present in the mull originated from tree roots which extend 
through the cover of colluvium (unconsolidated material at the bottom o f a cliff or 
slope) or glacial drift. The gold, which may be present in ground water either in a 
complex ion or in the colloidal state, is taken up by the roots and accumulated by the 
trees where it is, in part, deposited in the leaves and needles. The leaves and needles 
then decay and the gold accumulates in the mull, where it was found that the organic 
fraction o f all the samples studied contained most of the total gold. This process was 
demonstrated by the identification of gold in the ash of tree roots, tree branches, pine 
needles and aspen leaves at concentrations as high as 3, 2, 0.7, and 0.1 pg g '\  
respectively.
The distribution of the gold anomalies in the mull appeared to delineate the 
known gold deposits within the investigation site and point to additional areas that 
might merit exploration, thus, underlining the use of mull in the geochemical 
exploration for gold.
The formation of the very stable Au(CN)2" ion by the action of cyanoglycosides 
explains the uptake of gold by plants. However, it has been suggested that Au(CN)2‘ 
would have limited mobility due to the rapid hydrolysis and enzymatic destruction o f  
the CN" ion in nature [Lakiii et al., 1974]. Therefore, it was concluded that the 
mobility o f gold in the weathering cycle did not appear to be adequately explained in 
terms o f inorganic complexes of gold.
Evidence for the mobility of gold in surficial environments comes from recent 
studies in lateritic terrains where gold particles are observed to decrease in size from 
bedrock to the surface [Freyssinet et al., 1989]. The extent to which gold is 
transported and dispersed in the surficial environment will depend on the mineralogy o f 
the profile through which transport takes place as well as the forms o f gold present. 
Adsorption or other scavenging processes are likely to be important in this regard.
Table 1.5 shows the background levels of gold in various environmental media.
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Table 1.5- Background levels of gold in various environmental material.
M aterial An content 
(ng g-l di*y wt.)
Reference
Ultramafic rock 5 Pendias & Kabata-Pendias, 1984
Mafic rock 0.5-3 Pendias & Kabata-Pendias, 1984
Volcanic rock 1.5 Pendias & Kabata-Pendias, 1984
Sedimentary rock 2 -7 Pendias & Kabata-Pendias, 1984
Soil 1-3 Pendias & Kabata-Pendias, 1984
Twigs 10- 20 Erdman & Olson, 1985
Bark (Spruce) 5- 15 Dunn, 1986a
Bark (Pine) 10-20 Dunn, 1986a
Leaves 8- 18 Cohen X?/<7/., 1987
Leaves 20 Cohen 6^ /a/., 1987
Anomalously high levels of gold have been reported to exist in various
environmental media from locations over the globe. The sites studied are usually
mineralised zones or existing gold mines. Table 1.6 shows a cross-section of the
literature for studies carried out on auriferous ground.
Table 1.6- Gold levels from mineralised locations.
M aterial All content 
(ng g-l dry wt.)
Reference
Plant 450 Girling and Peterson, 1978b
Plant 180- 1300* Ward and Brooks, 1978
Soil 600-7600 Ward and Brooks, 1978
Plant 1300-49900* Girling and Peterson, 1980
Plant 20- 56 Warren and Barakso, 1982
Twig 1000- 5000* Dunn, 1983
Plant 4000- 8000* Erdman and Olson, 1985
Soil 1- 1000* Erdman and Olson, 1985
Plant 99 Reading a/., 1987
*Quoted on an ashed weight basis
Some results are expressed in dry weight while others are quoted as ash
weight.
1.6.8. Geochemical Classification of Gold and O ther Elements
The geochemical classification of the elements has its origins in the work carried out in 
the early part of the 20th century on elemental distribution and some basic relationships 
have been noted: igneous rocks have a characteristic group of elements, sulphide ores 
another group, carbonate sediments another group and salt deposits still another 
[Goldschmidt, 1937]. To refine such generalisations, and in particular to observe how
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the rarer elements are distributed in various environments a classification o f the 
elements related to their geologic behaviour was developed.
The geochemical grouping of the elements was an attempt to answer the 
hypothetical question: If the Earth was at some time in it’s history largely molten, and 
if this molten material separated on cooling into three phases- a metal phase, a sulphide 
phase and a silicate phase, how would the elements be distributed among these phases? 
The answer to this question was provided by a combination of theoretical argument 
and empirical observation. On the basis o f evidence available in the literature the 
elements are grouped into,
I. Siderophile elements: Elements that are preferentially found with 
native iron and are concentrated in the Earth’s iron core,
II. Chalcophile elements: Elements concentrated in sulphides and 
are characteristic of sulphide ore deposits,
III. Litiiophile elements: Elements that, in general, are found in or with 
silicates,
IV. Atmophile elements: Elements that are found predominantly in air 
and other natural gases.
This classification of the elements can be correlated with electrode potentials; 
siderophile elements are dominantly noble metals with low electrode potentials, 
lithophile elements are those with high potentials, and chalcophile elements have an 
intermediate position. Table 1.7 shows the elemental breakdown for this geochemical 
classification.
Table 1.7- Geochemical classification o f the elements after K rauskopf and B ird, 
1995.
Siderophile Chalcophile Lithophile Atmophile
(As)’, Au, C, Co,
Fe, Ge, Ir, Mo, Ni, 
Os, P, Pd, (Pb), Pt, 
Re. Rh, Ru, Sn, (W)
Ag, As, (Au), Bi, 
Cd, Cu, (Fe), Ga, 
(Ge), Hg, In, (Mo), 
Pb, (Re), S, Sb, Se, 
(Sn), Te, TI, Zn
Al, B, Ba, Be, Br, 
(C), Ca, Cl, Cr, Cs, 
F, (Fe), (Ga), (Ge), 
(H), Hf, I, K, Li, 
Mg, Mn, (N), Na, 
Nb, (0), (P), (Pb), 
Rb, Sc, Si, Sr, (TI), 
Ta, Th, Ti, U, V, 
W, Y, Zr
Ar, (Br), (C), (Cl), 
(F ),H ,H e ,(I), Kr, 
N, Ne, (0 ), Xe
': Parentheses around an element indicates that it primarily conforms to the properties 
o f another group, however, it has some characteristics that associate it with this 
group, e.g. gold is prevalently siderophile, but can appear in the chalcophile group 
because it frequently occurs in sulphide veins.
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At best the grouping of elements shown in Table 1.7 can only express tendencies, not 
quantitative relationships. The different groups overlap, as is shown in the table, by the 
occurrence of many elements in more than one category. However, such overlaps are 
inevitable in a classification that is partly based on distributions in very high 
temperature processes and partly on distributions under ordinary surface conditions. 
Therefore, this classification is used simply as a rough qualitative expression of the 
geologic behaviour of the elements.
1.6.9. The Geochemisti*y of Gold
Gold deposits are generally classified according to the type o f rock in which they 
occur, e.g. igneous, metamorphic or sedimentary, and/or their mode of occurrence, 
e.g. veins, skarns, disseminations or by-products. However, a classification based on 
the redox state of the transporting fluid has been proposed (Lewis, 1982].
Gold solubility is highly influenced by redox reactions (as described in section
1.6.2.), and these reactions are themselves controlled by the type of rock through 
which the hydrothermal fluid passes. The solubility of gold increases with oxidation 
and decreases with reduction. Geochemically, this means that gold will be leached and 
transported by oxidising hydrothermal fluids and will be precipitated when the fluid 
enters a reducing environment. Temperature, pH and composition of the fluid (e.g. HS* 
and Cl concentrations) are also important factors in controlling the solubility o f gold.
All source rocks have about the same gold values, ranging from approximately
0.005 to 0.10 pg g*' [Lewis, 1982], with the exception that certain sandstones have 
relatively high background gold levels. Thus, a source rock with anomalously high 
gold levels may not be a prerequisite for forming a hydrothermal gold deposit. The 
gold must be leached under highly oxidising and preferably acidic and chlorine-rich 
conditions until the gold concentrates to about 1000 times the levels found in natural 
waters. The necessity for oxidising and acidic conditions means that rocks that are high 
in clays and low in carbonates, carbon and pyrite are the best sources for gold. Gold 
can precipitate from an oxidised, acidic, chlorine-rich hydrothermal solution when it 
enters a reducing and slightly alkaline rock (e.g. rocks that are high in carbonates, 
carbon and pyrite). Chemical reactions involving pyrite, ferrous iron and carbon will 
precipitate gold in solution [Lewis, 1982]
1.6.9.1. Alteration Around Gold Deposits
Recently the use of alteration* assemblages have been investigated in the exploration 
for gold. However, the use of an alteration study alone does not suffice, but in 
conjunction with further exploration data may be of great value. Alteration is most 
useful as a local guide to ore in identifying the intricate lateral or vertical zoning 
around a deposit and/or individual ore veins. Information can be gained from the 
specific type of alteration assemblage such as the type o f ore being encountered as well 
as the character of the ore-forming fluid (e.g. temperature, Eh, pH, etc.). Thus, gold
Changes that occur in the chcniical or inincralogical composition of a rock, usually produced by 
hydrothermal solutions or weathering.
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deposits have been classified according to their alteration assemblages in conjunction 
with the geologic environment. Table 1.8 shows some of the gold deposits classified in 
this manner.
Table 1 .8-Types of hydrotherm al gold deposits according to alteration 
assemblage after Lewis, 1982.
Type of deposit Alteration assemblage
Deep-seated deposits
Chlorite-carbonate alteration type Quartz-carbonate-sericite-chlorite 
alteration; Au/Ag> l;occurs mainly in 
metamorphosed mafics; high in 
arsenopyrite; Sb, Mo, and W common.
Silicate alteration type Quartz-albite-amphibole-pyroxene-biotite 
alteration; Au/Ag> 1; occurs mainly in 
metasediments; high in arsenopyrite; Mo, 
W, Bi, pyrrhotite and tourmaline 
common.
Epitherm al deposits
Gold-telluride vein type Sericitic-carbonate alteration; Au/Ag% 1; 
K-spar common in veins.
Alunitic vein type Quartz-alunite-kaolinite alteration 
grading out to argillic alteration; Au/Ag% 
1; gold with As, Hg, and Te.
Normal gold vein type Argillic alteration; silicification; Au/Ag« 
1; gold with As and Hg; adularia 
common.
Carlin disseminated type Gold disseminated in calcerous, 
carbonaceous sediment; 
silicification; carbonate 
dissolution; Au/Ag> 1; high in As, Hg, 
Sb, TI, and F.
Disseminated gold in volcanics Silicification; extreme leaching; sericite; 
Au/Ag% 1; high in As, Hg, Sb, TI, and F.
Epithermal gold deposits can have argillic-propylitic alteration (e.g silver-base 
metal vein-type deposits), alunitic alteration (e.g. gold-rich vein-type deposits), or 
silicified alteration (e.g. Carlin and other gold-rich vein deposits). The details regarding 
spatial relationships and alteration assemblages vary considerably between deposits, 
however, it can generally be concluded that in traversing from fresh host rock to the 
vein, the mineralogy grades from the propylitic to the argillic zone.
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1.6.10. Gold M ineralisation Through Geological Time
The Earth and, in particular it’s crust, have passed through a sequence o f changes 
throughout geological time. These changes have been quite considerable and as such 
they must have had an influence on the nature and extent o f mineralisation. These 
changes can be discussed in terms the Archaean and Proterozoic intervals o f geological 
time and more specifically the environments that prevailed during them [Evans, 1980].
1.6.10.1. The Archaean- Early Part o f  Precamhrian (4000-2500 Ma)
This interval is notable for the abundance o f certain metals and metal associations, such 
as Au, Cr, Fe, Mn, Sb, Cu-Ni and Cu-Fe-Zn, which accumulated in significant 
quantities during this period. Essentially, there are two tectonic environments in the 
Archaean; the high grade granulitic and gneissic regions and the greenstone belts, the 
former is unimportant regarding mineral deposits. However, the greenstone belts are 
abundant in mineral deposits. The principal mineral deposits are associated with the 
major rock groups of the greenstone belts and their adjacent granite terrains:
I. ultramafic flows and intrusions-Cr, Cu-Ni;
II. mafic to felsic volcanics- Ag, Au, Cu-Zn;
III. sediments- baryte, Fe, and Mn;
IV. granites and pegmatites- Be, Bi, Li, Mo, Sn, and Ta.
Gold has been won, in variable amounts, from every greenstone belt. Its 
occurrence was the predominant reason for the initial prospecting and mapping of 
these belts. The gold mainly occurs in vein deposits cutting through basic or 
intermediate igneous rocks. Some gold deposits exhibit an association with banded 
iron formation. The highest concentration o f gold mineralisation occurs in marginal 
zones o f the greenstone belts near the bordering granite plutons and it decreases as the 
centre o f belt is approached, suggesting that it has been consolidated from ultrabasic- 
basic volcanics under the influence of thermal gradients.
1.6.10.2. The Proterozoic (2500-590 Ma)
The beginning of this period was marked by a considerable change in tectonic activity. 
The first lithospheric plates developed, with their appearance bringing about the 
creation o f sedimentary basins, the deposition o f platform sediments and the evolution 
of continental margin geosynclines. The formation of sedimentary basins allowed the 
development of gold-uranium conglomerates. The most famous o f these being the 
Witwatersrand Basin in South Africa, with deposits of this type representing a unique 
métallogénie event.
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i . 6.10.3. The Phanerozoic (590-0 Ma)
Mineralisation processes during this period were inclined to be concentrated, although 
not exclusively, along tectonic environments such as rift valleys, aulacogens and 
associated domes, constructive and destructive plate margins and transform faults.
1.6.10.4. Gold in Geothermal Systems
Many of the gold deposits that have been investigated were formed in ancient rocks 
that have been altered and buried by post-depositional geologic activity. More often 
than not this post-depositional geologic activity can complicate exploration and 
interpretation by masking the geochemical and mineralogical zoning of the deposit. 
Consequently, geochemists have studied active hydrothermal systems that have not 
been masked by post-depositional geologic activity to acquire information about the 
solubility, transport and depositional processes that form an ore deposit.
Minerals such as gold, chalcopyrite, sphalerite, galena, pyrite and pyrrhotite 
have been found in small quantities at one o f the most studied geothermal systems in 
New Zealand, where ongoing sulphide reactions with hydrothermal fluids can be 
investigated. This region is not considered to be an economic ore body because the 
ore-forming processes have only been going on for a short period o f time geologically, 
and only a few tonnes of metal-rich precipitate have been discovered. However, metal 
concentrations in the precipitate from one o f the pools were found to be extremely 
high, e.g. 500 ppm Ag, 2% As, 8.5 ppm Au, 0.2% Hg, 10% Sb, and 1000 ppm TI. At 
this site the precious metals were deposited primarily toward the surface with the base 
metals found deeper in the system. In active graben systems the shallow mineralisation 
is rapidly buried enabling them to develop into ore bodies.
Waters at sub-surface depth have been sampled in order to understand the 
concentrations of various metals in the system. It was found that temperatures in the 
deep reservoir range from about 250 to 270° C, with maximum temperatures 
approaching 307° C [Lewis, 1982]. At the highest temperatures the gold in fluid was 
found to be principally in chloride complexes. However, these complexes became less 
significant below about 250° C. At these lower temperatures bisulphide complexing 
became dominant.
1.6.11. Extraction of Gold
1.6.11.1. Occurrence
Gold occurs almost exclusively in the elementary form, either in the form of nuggets 
embedded in quartz or as fine sand or dust in alluvial deposits [Roberts, 1950]. In the 
latter it tends to concentrate by virtue of its'high density and great resistance to 
chemical attack. Gold invariably occurs alloyed with small amounts o f silver and often 
associated with sulphides such as iron pyrite, chalcopyrite (a compound of Cu, Fe, and 
S), galena (a compound of Pb and S), stibnite (a compound of Sb and S) and 
arsenopyrite (a compound of As, Fe, and S). Gold is also found combined naturally 
with the tellurides as calaverite (AuTei) and sylvanite (Au, Ag)Te2. The volume
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percentage o f ore and/or deleterious (undesirable) minerals can be o f crucial 
importance in mineral processing and a knowledge of whether a wanted metal is 
present in one or several minerals. If the latter is the case, their relative proportions 
may also be of great importance. The exploration for gold is an example o f this 
situation, i.e. is all the gold present as native gold (free-milling gold) or some in the 
form o f tellurides (combined gold) ? Native gold is readily leached from milled ores by 
cyanide solutions (see section 1.6,11.2.2.), but gold tellurides resist leaching and have 
to be roasted (after concentration) before cyaniding, thereby increasing the cost o f the 
treatment and decreasing the value of the ore.
All the above mentioned mineral ores may be classed as primary or hypogene
because they were deposited during the original period o f rock formation or
mineralisation [Evans, 1995]. Ores that were formed during a later period of
mineralisation that was usually associated with weathering and other near surface
processes, leading to precipitation o f the secondary minerals from descending solutions 
are classed as secondary or supergene. When secondary mineralisation is superposed 
on primary mineralisation the grade increases and this is termed supergene enrichment.
1.6.11.2. Recovery o f  Gold from Ore Deposits
Essentially the methods employed over the years for the extraction of gold from its ore 
are amalgamation with mercury, cyanidation and flotation.
1.6.11.2.1. Amalgamation with Mercuiw
Before the introduction of cyanidation in 1890 the only method for the recovery of 
gold from underground deposits o f coarse ores was amalgamation with mercury. The 
process o f amalgamation depends on the fact that when particles o f gold come into 
contact with mercury they combine to form an amalgam. In practice, contact is 
established in the form of a mercury-coated copper plate prepared by scouring the 
surface of the plate with a mixture of sand, water and mercury, the latter adhering to 
the copper as a thin coating. ■
Initially the ore that is removed from the deposit is crushed sufficiently to 
liberate the gold, mixed with water (this product is called the ‘pulp’) and allowed to 
flow over an inclined coated plate where the gold particles adhere to the mercury. 
According to the richness of the ore, the plate is periodically ‘cleaned up’ by stopping 
the flow of the pulp and scraping the surface. When sufficient amalgam has 
accumulated it is collected in a leather chamois cloth and the surplus mercury 
hydraulically pressed through. The pressed amalgam is distilled in an iron retort, the 
mercury sublimes leaving the gold behind.
Owing to the increased employment of cyanide milling the use of a copper plate 
is precluded on account of contamination to the cyanide solution. Therefore, for coarse 
gold deposits the alternative method of blanket straking is usually adopted.
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Blanket Straking
Blanket straking consists of a table covered with corduroy or blanket material. The 
material is fixed to the table with its ribbing at right-angles to the flow of the pulp. The 
edges are turned up against the sides so that a wide shallow trough is formed down 
which the pulp flows. The heavy gold particles lodge in the depressions, the lighter 
material flowing away with the water. Usually around 1 m  ^ of material is required per 
metric tonne of ore treated. The gold is removed by folding the material and washing 
the concentrate off in a tub of water. The gold is recovered from the concentrate by 
transferring it to a steel grinding barrel and grinding with water and steel balls to 
liberate gold from any base minerals which may be present. Mercury is then added, 
with lime and a little cyanide, and rotation is resumed. The contents o f the barrel is run 
out into a tub and the amalgam is separated, pressed and retorted.
1.6.11.2.2. Cvanidation of Gold Ores
The technique was developed by MacArthur and Forrest in 1890 and is now employed 
in all gold producing countries. When the process was first used it had a profound 
effect on the metallurgy of the precious metals, in fact revolutionising the production 
of gold. Indeed within ten years the World's production of gold was doubled. The 
method was first used to recover the residual gold in the tailings leaving the 
amalgamation plants, and was confined to material which was sufficiently coarse in size 
to allow the solution to percolate.
The process involves the solution of gold in dilute cyanide and the recovery of 
gold by precipitation with zinc. The overall dissolution of gold in aerated, alkaline 
cyanide solutions, taking in to consideration anodic and cathodic half reactions, is 
described by the following reactions,
2Au + 4CN + O 2 + 2 H 2O -»  2Au(CN)2 + H 2O 2 + 2 0 H  
2Au + 4CN + H 2O 2 ^  2Au(CN)2 + 2 0 H
which progress in parallel.
The main reaction involved in the dissolution of gold using dilute sodium 
cyanide solution (known as Eisner's equation) is,
4Au + SNaCN + 2 H2 O + O 2  ->  4NaAu(CN)2 + 4NaOH
which is stoichiometrically accurate, however, it fails to completely describe the 
cathodic reactions associated with the dissolution. •
The formation constant for the complex Au(CN)2* is very large, and as soon as 
any Au^ ions are formed (through oxidation) in the presence o f CN' ions, the complex 
is formed. The Au(III) cyanide complex, Au(CN)4", is also formed, but the Au(I) 
complex is more stable than the Au(III) species by 0.5 V. Complex formation removes 
Au^ ions from the solution, so more of them are formed. Therefore, even though gold 
is not oxidised by air normally, bubbling air through a suspension o f gold-containing
o r e  i n  t h e  p r e s e n c e  o f  c y a n i d e  i o n s  l e a d s  t o  t h e  f o r m a t i o n  o f  a  s o l u t i o n  o f  t h e  c o m p l e x
ion.
In the early days of the process potassium cyanide was used for extraction, 
although nowadays the cheaper sodium cyanide is employed. According to this 
equation, 1 mg gold requires 0.04 mg oxygen which corresponds to 5.80 ml of 
solution at 7 mg f '.  At an oxygen concentration o f 8 mg 1’  ^ the corresponding NaCN 
strength is 0.0098%. However, it is found in practice that gold dissolves at the 
maximum rate if the solution contains 0.02% NaCN, and is saturated with oxygen. 
This difference is due to the slower diffusion rate and incomplete ionisation and 
hydrolysis of the cyanide [Dorr, 1936].
When the cyanide concentration is lower than the optimum, its diffusion rate is 
the determining factor in the oxygen saturated solution. However, a greater 
concentration will only impair the rate o f oxygen diffusion as well as reduce its 
solubility. Conversely, the presence of excess oxygen, either by means o f increased 
pressure or in the presence o f oxidising agents which attack the cyanide gradually will 
raise the optimum cyanide concentration and the maximum rate of gold solution. In 
practice, a solution strength o f approximately 0.05% NaCN is employed. The low 
value for the reaction rate constant for dissolving gold in the cyanide solution, when 
the rate-controlling process was the rate o f transport o f cyanide ions to the metal 
surface, is explained by the formation o f an insoluble film of a product on the surface 
[Burkin, 1966]. The rate of diffusion through this film is the factor controlling the rate 
o f dissolution of the metal, where this rate depends on the concentration o f cyanide 
ions at the interface between the film and the liquid. This in turn depends on the 
concentration within the diffusion boundary layer. However, the actual value of the 
reaction rate constant depends on the thickness and permeability to reactants and 
products of the film produced on the metal. The formation of an insoluble material 
during the reaction of the metal can be expressed as-
M + 2C N --> M(GN)2"+e-
The electron is accepted by oxygen at the interface. The rate o f appearance o f 
the metal in solution depends on the rate o f reaction between the insoluble cyanide and 
more cyanide ions to produce the soluble double cyanide. The rate o f attack on the 
metal depends on the rate o f transport of the reactant through the film to the metal 
surface.
Oxygen is an important factor in the reaction as gold will not dissolve in a 
cyanide solution deprived of it. Certain minerals present in the ore, such as the 
sulphides of copper, iron, antimony and arsenic, enter the solution and deprive gold of 
oxygen and lead to poor gold extraction. The effect of these contaminants (known as 
cyanicides) are reduced by the addition of lime which maintains a ‘protective alkalinity’ 
for the cyanide and aids settlement. Oxidation proceeds in three stages. Firstly, the 
formation of an adsorbed intermediate species (AuCN) brings about temporary 
passivation of the gold surface,
AuCN;„i* + e* —> Au + CN‘
Secondly, a complexation reaction takes place between free cyanide and the adsorbed 
intermediate AuCKck species,
AiiCNad. + CN- Au(CN)z
The final stage in the oxidative process is thought to consist o f the formation of 
an Au(III) oxide (AuaOj) layer which passivates the gold surface.
Cyanidation may be practised in a variety o f ways, depending upon the nature 
o f the ore. However, by far the most widely implemented technique is that o f 'all- 
sliming', where all the ore is reduced to pulp. In this process the finely ground ore is 
leached (agitated) with dilute solutions o f cyanide to dissolve the gold, the gold- 
bearing solution being separated from the slime, and the gold subsequently precipitated 
from the solution by means of zinc dust.
Grinding
Gold occurs so sparsely in the ore and in such a fine state of division that a high degree 
o f grinding must be achieved in order to expose it to the solvent extraction of the 
cyanide. The average gold-to-waste product ratio in the ore is 1:128,000 [Dennis, 
1954]. Nowadays all the ore is reduced to slime in modern plants incorporating the all- 
sliming process. The grinding is usually carried out in the presence o f the cyanide 
solution in a ball mill to provide intimate contact, ensuring that the gold is dissolved 
early in the process. Where the gold occurs associated with sulphides extremely fine 
grinding is necessary to liberate the gold. This is usually a costly process so the gold 
containing sulphides are removed after a coarse grind by flotation and treated 
separately.
Classification separates the fine material from the coarser particles. Discharge 
from the ball mill flows into the classifier and is diluted with water. Coarse particles 
settle to the bottom of the classifier tank where the movement o f rakes or spirals 
continuously pushes it up the slope of the tank where it drops off the end. Then it is 
returned to the ball mill for further grinding. Fine unsettled slime material overflows a 
weir at the lower end and arrives at a launder. Classification ensures that sufficiently 
ground ore is immediately removed from the circuit and not over ground.
The dilute pulp from the classifiers contains around 75% water and is partially 
de-watered by a mechanical process known as thickening. Thickeners are large circular 
tanks equipped with slow moving rakes revolving at the bottom of the tank. The solid 
material settles at the bottom, the clearer solution overflows into a launder.
The thickener underflow is made up to strength with cyanide solution and 
pumped to agitators for the purpose o f dissolving gold in the slime. To provide the 
necessary oxygen, agitators are provided with a central airlift which continuously 
elevates the pulp, aeration occurring during contact with the air in the airlift and 
subsequent cascading of the pulp through the air back into the tank. To ensure that the 
pulp is well aerated it is past through several agitators in series. Separation o f the 
pregnant gold solution is carried out on rotatory vacuum filters, where the pulp 
adheres to the filter cloth on the surface of the drum and the solution passes through.
Cyanide Regeneration
Cyanide regeneration is achieved by acidifying the solution with sulphur dioxide. The 
acidified solution is then transferred to a closed tank where it is aerated. The air that 
exits the tank is saturated with hydrogen cyanide which passes to another tank where it 
is mixed with an alkaline solution, this absorbs the HCN, leaving the accompanying air 
clean for re-use.
1.6.11.2.3. Flotation of Gold Ores
In the flotation process, ore that has been crushed into a slurry by a ball mill is placed 
into a large vat containing an oil-water mixture. The oil wets and spreads over the 
mineral. The mixture is then agitated with air. The air bubbles stick preferentially to the 
oil, and, if the bubbles are large enough, they carry the mineral upward to the surface 
and a froth appears. The froth-mineral mixture is then skimmed from the vat and dried 
to form a concentrate. The remaining slurry sinks to the bottom of the vat and is 
discarded.
Gold-bearing ores that are amenable to flotation are ores in which part o f the 
gold is in the form of free gold, the remainder of which are associated with auriferous 
sulphides, e.g. pyrite, arsenopyrite and the sulphides of copper. In many ores these 
sulphides may have undergone oxidation. Free gold does not float as readily as most o f 
the mineral sulphides. Therefore, if the proportion of gold in the flotation feed is high, 
a longer period of flotation may be required.
When the ore is partly oxidised conditioning reagents are frequently used, soda 
ash being the most widely employed. Lime is not used as it is a depressor o f free gold 
and inhibits pyrite flotation. Sodium sulphide, although sometimes employed for the 
flotation of partly oxidised sulphides, also exhibits a depressing action on free gold. 
Copper sulphate is frequently employed for accelerating the flotation o f pyrite and 
arsenopyrite. A crude mono-ammonium phosphate, ‘ammo-phos’, is sometimes used in 
the flotation of oxidised gold ores, it flocculates iron oxide slime, thus improving the 
grade o f the concentrate.
The most commonly used promoters or collectors are ‘Aerofloaf* reagents and 
the xanthates such as amyl xanthate, butyl xanthate, potassium xanthate and sodium 
xanthate, although the most commonly used xanthates are the ethyl and butyl 
compounds [Dorr, 1936]. When auriferous pyrite is present a combination o f an 
Aerofloat reagent and a higher xanthate, which is a strong and non-selective promoter 
of all the sulphides, is employed.. Steam-distilled pine oil, cresylic acid and higher 
alcohols are the most widely used ‘frothers’. When coarse sulphides and moderately 
coarse gold is floated hardwood creosote is utilised, the function o f which is to 
produce a more stable froth having greater carrying power.
Although flotation of precious metal ores has improved considerably over the 
years it is not universally applicable to the treatment of gold and gold-silver ores.
The name refers to a manufactured product and is copyrighted.
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However, if precious metal ores contain cyanicides, which precludes the use of 
cyanidation, flotation may be the only solution. Therefore, as a general rule, with such 
ores it is often possible to employ cyanidation after the cyanicides have been removed 
by flotation, under these circumstances the technique performs as an accessory 
process.
1.6.11.2.4. Extraction Using Thiourea
Thiourea has been suggested as an alternative to cyanidation in locations where the use 
o f cyanide is unwise owing to environmental concerns. Thiourea, (NH2)zCS, is a 
relatively non-toxic reagent, which behaves very much like a fertiliser in the natural 
environment. This suggests that it is an attractive alternative to cyanide in 
environmentally sensitive regions. However, it is believed to be carcinogenic and is 
also capable of dissolving heavy metals as well as gold and silver. Therefore, the use of 
thiourea in the extraction of gold brings about similar problems as with cyanidation in 
the treatment of effluents. Furthermore, under the conditions needed for leaching 
thiourea is oxidised and quickly consumed, resulting in relatively high reagent costs in 
comparison to cyanidation. Thiourea leaching has been employed in the treatment of 
antimony-rich concentrates in Australia and in the treatment of several other ores 
[M arsden and House, 1992].
The organic compound thiourea dissolves readily in acidic solution in a stable 
molecular form. Gold dissolves in acidic thiourea solution to form the stable complex.
All + 2(NH2)zCS ->  Au(CS(NH2)2)2" + e 
where theiogK value for the gold-thiourea complex is 22.0.
For leaching in thiourea solution gold dissolution will only occur at an 
acceptable rate if the solution potential exceeds 0.5 V. As a consequence, air and 
oxygen are not suitable oxidants, therefore, stronger oxidising agents such as iron(III), 
hydrogen peroxide or ozone are required in order for the reaction to take place at a 
sufficient rate to accomplish satisfactory gold extraction within a reasonable time 
period. The overall equation for the reaction is,
2A u(CS(NH2)2)2^  + 2Fe'+ 2Au + 4(NH2)2CS + 2Fe'+
There are two upper end pH limiting factors at the which thiourea leaching can 
be carried out; (i) the precipitation o f iron(III) hydroxide above approximately pH 3, 
and (ii) a substantial increase in the kinetics of thiourea oxidation above pH 3.5- 4. As 
a consequence, leaching is generally carried out at a pH of 1.4- 1.5 [Marsden and 
House, 1992]. Leaching rates in thiourea solutions are extremely fast- much faster than 
cyanide dissolution. The rate of gold dissolution in acidic thiourea solutions is very 
much dependant on the diffusion of reactants to the gold surface.
1.6.11.2.5. Alternative Extraction M ethods
Ordinary cyanide solutions give a poor extraction of gold from any raw ore in which 
the gold is locked in pyrite or exists as a telluride. However, when bromocyanide is 
added, the gold is dissolved rapidly. Furthermore, oxygen is not required for this 
reaction. It must be noted that the use of bromocyanide alone does not dissolve gold.
2Aii + SNaCN + CNBr -> 2NaAn(CN)2 + NaBr
A process which is sometimes employed to extract gold from pyrite is the 
chlorine process, in which chlorine converts gold to the soluble auric chloride (AuCb). 
The metal is precipitated by the addition of a ferrous solution-
An^+ + 3Fe^+ 3Fe^+ + An
1.6.11.3. Precipitation o f  Gold
Recovery processes remove gold, and other metals, from solution into a concentrated 
solid form. The high grade solid may then be immediately sold or further processed by 
refining to improve the grade. Various methods of precipitating gold from cyanide 
solutions have been used: aluminium, charcoal, sodium sulphide, zinc and electrolysis. 
Zinc precipitation was first employed in the treatment o f hot, high grade gold solutions 
produced by carbon elution in the early 1980s in both the U.S.A. and South Africa, 
with gold recoveries in excess of 99.5% [M arsden and House, 1992]. As a 
consequence, zinc, either as a dust or as shavings, is the standard method o f gold 
recovery employed throughout the world, with zinc dust the more widely used at 
modern cyanide plants. The exact chemistry o f the precipitation is still a matter of 
controversy as to whether nascent hydrogen, liberated by the action o f an alkali 
cyanide on zinc, has a direct effect in the precipitation or is only an auxiliary action 
occurring at the same time. However, the fact that gold is electronegative to zinc in 
cyanide solutions means that it should precipitate gold. The precipitation takes place 
only in the presence of free cyanide and is always accompanied by the liberation of 
hydrogen. Furthermore, the alkalinity o f the solution increases during precipitation.
Anodic Reactions
The anodic oxidation of zinc in aqueous solution is given by,
+ 2e —> Zn
In cyanide solutions zinc forms a stable cyanide complex,
ZiF+ + 4CN- -> Zn(CN)/-
In sulficiently oxidising alkaline solution (depending on the concentration of 
cyanide), zinc can corrode to form other species given by the equations.
Z ii(OH)2 + 2 e Z n + 2 0 H  E"=-1.34 V
H Z 11O 2 + H+ + 2e -> Zn + 2 0 H  E"= -1.24 V
Z 11O2'  + 2 H 2O + 2e -> Zn + 4 0 H  E"= -1.22 V
Furthermore, the oxidation products of zinc can also undergo further reactions 
in aqueous solution, to form zinc hydroxide, thus,
ZiF+ + OH Zn(OH)+
ZiF" + 2 0 H  -> Zn(O H )2
Zn(C N )/ + 2 0 H  Zn(O H )2 + 4CN
The formation o f zinc hydroxide is extremely undesirable, since this product 
can coat the zinc surface producing passivation and inhibiting precipitation. Therefore, 
pH, cyanide and zinc concentration are important factors to consider in the prevention 
of zinc hydroxide formation, where high zinc and low cyanide concentration favour the 
formation o f this product.
Cathodic Reactions
The dissolution of zinc in aqueous cyanide solution forms the anodic half o f a pair o f 
coupled electrochemical reactions, with the accompanying reaction being the cathodic 
reduction and subsequent precipitation of gold given by,
Au(CN )2 + 6’ ->  Au + 2CN'
Several expressions have been reported in describing the overall zinc 
precipitation of gold, most commonly [M arsden and House, 1992],
2Au(CN)2- + Zn ^  2Au + Zn(C N )/
however, the above equation, although accurately combining the two half reactions, is 
misleading in so much as it implies that the anodic and cathodic reactions occur in 
close physical proximity- a requirement for the direct transfer of cyanide ions between 
two gold and one zinc species. Such direct transfer is improbable due to the low gold 
concentration in solution (typically <0.0005 M) formed during the leaching. Therefore, 
the expression that most accurately describes the stoichiometry of the reaction is given
by,
Au(CN)2- + Zn + 4CN- -> Au + 2CN' + Zn(CN )/
For good precipitation it is necessary that the gold-bearing solution from the 
filters is as clear as possible, preferably crystal clear. If the solution contains any 
suspended matter the zinc will become coated with slime, resulting in its efficiency as a 
precipitant being impaired. If this is the case then clarification is achieved by suction of
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the solution through filter leaves by centrifugal pumps. Furthermore, for effective 
precipitation, the solution must contain enough free cyanide to dissolve the requisite 
amount o f zinc and to hold in solution the compounds that are formed when zinc 
dissolves in alkaline cyanide solutions. This is best obtained by adding a drip o f strong 
cyanide solution to the zinc emulsion. To obtain the best conditions for precipitation, 
each molecule of metal-bearing solution must be brought into contact with a particle o f 
precipitant, give up its metal immediately and then must be removed from contact with 
other metal-bearing molecules. These conditions are fully realised in the zinc dust 
process as the solution passes through the layer o f finely divided precipitant deposited 
on the surface of the filter cloth. Under these conditions nascent hydrogen is evolved 
throughout the layer of the precipitant, creating the reducing conditions necessary for 
precipitation of the metals.
The absence of oxygen in the solution to be precipitated is important as it 
combines with the finely divided zinc to form the hydroxide and varying amounts of 
zinc ferrocyanide which interferes with precipitation and yields a low-grade product 
which is difficult to smelt. Oxygen is removed by employing the Crowe process- the 
solution is passed through a vacuum chamber, the reduction in pressure causing the 
dissolved air to escape. Zinc is added to the de-aerated solution at the rate o f 0.1- 0.2 
kg per metric tonne of solution. Addition of lead nitrate is often employed to 
precipitate any soluble base-metal sulphides which may be present and also to form a 
zinc-lead couple to assist precipitation. The precipitated solution is suctioned through 
filter leaves, producing a clear solution and leaving the precipitate behind. Smelting o f 
the gold-zinc precipitate is carried out in oil-fired graphite crucibles. Firstly, the 
precipitate is calcined to oxidise the zinc. It is then mixed with borax, sand and melted 
flux which, on pouring into a mould readily separates from the gold. The gold button is 
re-melted, cast into ingots and dispatched to the mint.
1,6.11,4. Refining
The metal compound obtained from the extraction methods described earlier is 
generally heavily contaminated with silver, the platinum metals, and small amounts of 
the baser metals (e.g. copper and iron). Therefore, this compound requires refining to 
separate gold from these metals.
Refining is achieved by extracting soluble materials with hot, concentrated 
sulphuric acid, leaving relatively pure, unattacked gold as a residue. The residue is 
fused and cast into bars which are then employed as anodes in electrolytic cells 
containing an acid solution o f auric acid and brine as the electrolyte, the cathode being 
a pure gold sheet. Both Au^ "*" and Au"*" are present in the solution. A certain amount o f 
disproportionation occurs with the precipitation o f very finely divided gold, which is 
left in the anode slime-
3Au^ —> 2Au + Au^^
In addition the slime contains insoluble silver chloride and some of the platinum 
group metals. Fusion of the anode mud with sodium carbonate liberates the noble 
metals. The silver, platinum and palladium in the metallic residue is separated again by 
acid attack. A modification to the simple direct current electrolysis employs a
superposed alternating potential. Using this technique refining can be achieved with 
less pure anodes and to less loss o f gold in the anode slime.
Much of the gold of commerce is refined by the ‘Miller chlorine process’. In 
this process chlorine gas is bubbled through molten gold bullion where it reacts with 
the impurities, forming chlorides that float to the surface, where they partially 
volatilize. Prior to the introduction of the Miller process, nearly all the gold was 
refined by the Wohlwill electrolytic process.
1.6.12. Biological Uptake and Distribution of Gold
Although gold has been classified as an element "not present at birth, but accumulated 
from the environment", more sensitive analytical techniques have detected small 
concentrations in fetal liver, 2.5 ± 1.3 ng g-i Au [Alexioii et al., 1977]. The ratio of 
gold concentrations in fetal liver to placenta is less than one, therefore, suggesting that 
it is not an essential element JAIexioii et al., 1977]
The distribution and metabolism of gold and its compounds are known 
primarily from the use of gold(I) complexes as anti-arthritic drugs. Their metabolites 
concentrate primarily in the liver and kidney at short times after administration, but 
autopsies performed 10 to 20 years after cessation of gold therapy (l-2g  gold 
cumulative total) indicate that gold is slowly mobilised to other tissues, becoming more 
widely dispersed.
1.6.13. Effects on M an and Animals
The most important biological effect of gold is its well established anti-arthritic 
activity, where disodium aurothiomalate is employed. However the mechanisms of 
chrysotherapy still remain elusive despite over half a century of use. Gold may have 
both anti-inflammatory and immunoregulatory activities. Gold toxicity is not 
uncommon during chrysotherapy. The most common side-eftects are nephrotoxicity 
and various mucocutaneous reactions; thrombocytopenia and aplastic anaemia are rare 
but life threatening. Gold also has uses in the treatment of cancer and other diseases 
where *^^Au (half-life 2.7 days) is utilised.
1.7. Biogeochemical Prospecting for Gold
Although the number of publications on biochemical prospecting for gold has risen 
sharply in recent years, interest in the subject began at the turn of the century. It was 
suggested that the analysis of plant tissue might be used to locate gold deposits 
[Liingwitz, 1900]. He reported the presence o f gold in the ash of hardwood trees by 
fire ashing analysis. Values ranging from 0.06 to 0.6 pg g"’ Au in the ash of wood and 
bark o f trees growing on auriferous ground in British Guyana by the same technique 
have been reported [Harrison, 1908].
The main obstacle to the use o f biogeochemical methods o f prospecting for 
gold lies in the analytical difficulties in determining this element at the very low 
concentrations (ng g"') at which it is normally found in vegetation. Geobotanical
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methods suffer from the disadvantage that the gold in the substrate is never high 
enough to affect the growth of the subsequent vegetation or even its metabolism. 
However, the detection of auriferous areas can be made by the study of vegetation 
influenced by the county rock or by pathfinding elements (i.e. arsenic) which are 
associated with gold.
There are two general types of plant media used in prospecting for gold; humus 
and living plants. Humus has been widely used in Canada [Hall and Bonham - C arter, 
1988]. However, the sampling o f plants, instead o f humus, has become more 
widespread.
1.7.1. The Use of Plants
Why use plants? In certain terrains plants may be the only suitable sampling medium. A 
less obvious reason for using living plants is that biogeochemistry may complement 
more conventional methods of geochemical exploration, i.e. provides another 
dimension, that of observing the mobile metals, in some cases, as they occur in the 
ground water. A generally accepted hierarchy of the sensitivity to gold o f plant organs 
has been established. However, it must be noted that this is not universally consistent 
[Dunn, 1986a];
Alder twigs or leaves Most sensitive
Jack pine bark (outer scales) sF
Spruce bark (outer scales)
Spruce twigs 
Labrador tea stems 
Leather leaf stems 
Balsam fir twigs 
Birch bark 
Birch trunkwood 
Poplar trunkwood 
Poplar bark
Birch or Poplar twigs or leaves
Willow twigs or leaves sF
Conifer needles Least sensitive
The samples employed for the above study were removed from substratum of 
widely different composition; igneous rocks ranging from diorite to granite; felite 
through intermediate to basic metavolcanics; and metasediments o f arcosic to politic 
origin [Dunn, 1986a].
1.7.2. Gold Uptake by Biyophytes
There are no definitive studies in the literature on the use of bryophytes for gold 
prospecting. Early studies showed confusing results as illustrated by the gold content 
ofEquisetum (horsetail) species in Czechoslovakia. The authors obtained levels o f 610 
pg g'^ Au in the ash ofE . palustre growing in soil containing only 0.2 pg g'^ [Nemec,
1936]. Other plants collected from the same area also had exceptionally large amounts
40
of gold. These values have been quoted by several other workers [Benedict, 1937; 
Liindberg, 1941; Thyssen, 1942; M alyuga, 1964; Brooks c ta l ,  1981].
Consequently, it was firmly believed by many scientists that Equisetum species 
were direct indicators o f auriferous ground. It was suggested that as a consequence of 
the technique adopted by the above authors a group of metals would be precipitated, 
and if the residue were directly weighed (as it has been), it would include the sulphides 
of Cu and several other metals [Cannon et a l,  1968]. Thus, the high values o f 610 pg 
g"^  Au in E. palustre and 63 pg g"' in E. arvense may be erroneous. However, studies 
at gold mining sites in Nova Scotia did show that horsetails have a very high tolerance 
to arsenic which commonly accompanies gold in many deposits [Brooks et «/.,T981], 
They found up to 738 pg g‘‘ As in dried plant material growing over old mine dumps 
where Equisetum was effectively the only coloniser o f this hostile environment.
1.7.3. Absorption of Gold by Plant M aterials
Gold is not an essential element for plant metabolism, hence it may be classified as a 
'ballast' element. There is no general agreement as to whether gold is absorbed in 
colloidal-size particles or as water-soluble compounds. The fact that gold, as well as 
other metals, is deposited in plant tissues suggests entrance into the biogeochemical 
cycling process, and results in enrichment with metals of upper soil horizons 
[Goldschmidt, 1937]. Fig. 1.2 shows the different components of a landscape horizon 
used in prospecting.
Prism of Landscape
Geophysical Methods 
Exploration
Airborne Methods
1. Remote sensing
2. Photography
3. Magnetics
4. Electromagnetics
5. Radioactivity
Ground Methods
1. Magnetics
2. Electromagnetics
3. Induced polarization
4. Self potential
5. Gravity
6. Resistivity
7. Seismic
8. Radioactivity
Geochemical Methods of 
Exploration
1. Plant geochemistry
2. Soil geochemistry
3. Bog geochemistry
4. Water geochemistry
5. Stream sediment 
geochemistry
6. Overburden 
geochemistry
7. Rock geochemistry
Specialised Geological 
Methods of Exploration
1.Hea\y mineral 
analysis
2. Boulder tracing
3 .Diamond drilling
4. Trenching
5. Exploratory mining
Fig. 1.2- Generalised prospecting prism showing the different components of a 
landscape that may be involved in prospecting methods after Brooks, 1972.
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It appears from studies performed that the uptake of gold by plants is not a function of 
the root system [Girling and Peterson, 1980]. Furthermore, experiments carried out 
by the same authors, on the effect o f pH o f the growth medium of Hordeum vulgare 
supplied with AuClg in the root showed a marked difference in the uptake as the pH 
was changed from 8 to 3.6. Uptake in the shoot was not significantly affected.
1.7.4. Localisation of Gold in Plant M aterials
In order to determine the distribution of gold within the shoots o f various species, 
plants were grown in solutions containing radioactive AuClg or AuCN for two days 
and the shoots subsequently radioautographed for several hours [Girling and 
Peterson, 1980]. The species studied, namely H. vulgare and Phacelia tanaceiifolia, 
showed diffuse gold distributions with special accumulations in the leaf tips. They 
found that in the case of plants treated with AuClg, the localisation within the leaves 
was less specific.
Concentrations of radioactive gold from water extracts o f P. icmacelifolia 
grown in solutions containing gold as cyanide revealed that the metal was largely 
found in the soluble form in the shoot, but almost entirely in the insoluble form in the 
root. O f the insoluble gold associated with the cell wall component, only 40% could be 
removed by exchange with non-radioactive gold, which indicates a strong bonding of 
the gold with the cell wall component o f the plant. The shoots o f whole plants grown 
in a medium containing radioactive AuClg contained significantly more gold. This 
suggests that the soluble gold compounds deriving from the root are in this case not 
deposited in the stems in an insoluble form.
1.7.5. Cyanide Containing Plants
Cyanogenic glycosides* which yield hydrocyanic acid upon hydrolysis by enzymatic 
action are found in many species of plants [Conn, 1969] Over 1000 plant species 
representing 90 families and at least 250 genera are reported to be cyanogenic. In total 
11 cyanogenic glycosides have been identified. The majority of these are formed by the 
plant from one of four amino acids. The cyanogenic glycosides are toxic because they 
yield hydrogen cyanide (HCN) when enzymically degraded. Enzymatic hydrolysis 
results when the plant tissue is crushed or otherwise disrupted, but hydrolysis by the 
digestive enzymes of an animal feeding on cyanophoric plant may also occur [Conn, 
1969]. Not only do leafy plants possess cyanogenic glycosides but also some fungi 
produce cyanide compounds. The mycelium oïMarismws oreades (a mushroom of the 
order Agarieales) produces hydrogen cyanide [Filer, 1965]
Due to the widespread distribution o f organisms that contain cyanogenic 
substances it is apparent that the solubilisation of native gold by hydrogen cyanide and 
absorption of cyanide compounds of gold by various plant species are likely to occur in 
the natural environment. Studies carried out on the gold and CN content showed that a
Cyanogenic glycosides are compounds which liberate HCN, one or more molecules of sugar, and, 
with one exception, an aldehyde or ketone on treatment with dilute acid or the appropriate hydrolytic 
enzymes.
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definite correlation between the two substances in various plant species existed (see 
Table 1.9) [Erdman ct a!., 1985].
Table 1.9- Correlation between gold and cyanide content of some plant species 
after Erdman et al., 1985.
Species All cone, (ng g-l) Cyanide Content (ng g"i)
Mentha aquatica 49.9 High
Cirshim palustre 26.5 High
Ranunculus aquatilus 8.3 High
Hedra helix 2.9 Low
Ilex aquifolium 2.8 Low
Ulex gallii 1.3 Low
1.7.6. Problems Encountered in Using Plant Materials for Gold Prospecting
The analysis of gold in plant materials is by no means a straightforward process. There 
are inherent difficulties in its detection owing to the nature of the material employed 
and the form in which gold is present and bound to the matrix.
1.7.6.1. The Barrier Effect
There is little doubt that gold is taken up at unusually high levels in Douglas-fir, 
however, this is not the case for most plants [Erdman et a l, 1985]. This has been 
termed the 'Barrier Effect' [Kovalevskiy and Prokopchuk, 1978]. These authors 
showed, after extensive work, that only 10% of plant species sampled proved to be 
'non-barrier' to the absorption of gold. The effect has been attributed to physiological 
barriers at the root/soil interface that inhibit the uptake o f gold.
Work carried out on beargrass {Xerophylium tenax) at the Red Mountain, 
Stockwork, showed that gold was not detected in any of the beargrass samples 
collected from the same sites where Douglas- fir {Pseudolsuga menziesU) contained 
appreciable gold [Erdman et a l, 1985]. However, this observation may be due to the 
lack of a root system for beargrass, and may be further compounded by the depth of 
the gold strata at this mineralised zone.
1.7.6.2. Residence o f  Gold
Another problem deals with the localisation of gold in plants, that is, what organ 
should be used? It was observed by radioautographic techniques that gold was 
especially concentrated in the leaves of several species of experimental plants [Girling 
and Peterson, 1978a]. This has verified earlier work [Aripova and Talipov, 1966b] 
However, much of the work in the Soviet Union, relies on tree bark. This is probably 
due to the fact that leaves or needles are out of reach for sampling [Kovalevskiy, 
1979; Kitayev and Zhukova, 1980]
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Gold accumulation varies among species. Each plant organ within an individual has its 
own ability to accept and retain or reject trace metals. Plant organs may need or 
tolerate a trace metal for part of its life-cycle, after which the element will be rejected. 
Rejection may be by:
a) passing to another plant organ;
b) recycling it through tissues back to the ground;
c) flushing elements to waxes, salts or cuticles at plant extremities, 
where it may be washed by rain from the leaves.
1.7.7. Relationship Between Gold and O ther Elements in Plant M aterials
Evidence exists that a few elements (As, Cu, Fe, Na, and S) in a variety of 
environmental media (plant, till and substrate material) exhibit correlations with the 
concentration o f gold. Although the evidence is somewhat inconclusive for most 
elements, a few elements show a distinct correlation with gold in these media. Within a 
study utilising several species of vegetation, including Salix cana/a (willow), BetuJa 
glandnlosa (birch), and Ledum decumhem (labrador tea), a strong geochemical 
association between gold and As, Cu, Fe, Na and S was established [Reading et al., 
1987]. The same study showed that there existed a positive relationship between Al, 
As, Cu and Fe, and an inverse with Ca.
It is noteworthy that the gold versus arsenic relationship was highly significant 
(P<0.001). The association of arsenic and iron indicated a probable link with 
arsenopyrite, a common host mineral for gold in the Canadian shield (where the study 
was carried out). From this study it was concluded that arsenic and iron act as 
pathfinder elements for gold, as has been suggested previously [W arren et al., 1964]. 
The negative correlation of gold with calcium was not unexpected since it is well 
known that calcium uptake by plants is decreased by excessive uptake o f metals such 
as iron. Uptake o f gold is not sufficient to cause a similar physiological effect: 
however, uptake of iron, the concentrations of which follow gold, is certainly capable 
o f doing so.
O f major significance to biogeochemical prospecting is the arsenic content o f 
the medium being analysed for gold mineralisation. As noted above, the correlation 
between gold and arsenic that has been observed is extremely significant, such that it 
has now come to be known as a 'pathfinder' element for gold. Over the years many 
investigators have noted this apparent relationship between the gold and arsenic 
content o f plant, soil, humus and till material [W arren et al., 1964; G irling and 
Peterson, 1978b; Girling et al., 1979; Valente et al., 1986]. Studies carried out on 
Festuca rubra plants from around a gold mine showed a definite correlation between 
gold and arsenic concentrations (see Table 1.10) [Girling and Peterson, 1978b]
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Table 1.10-Correlation between gold and arsenic in plants after Girling and 
Peterson, 1978b.
An concentration 
(ng g-i) d iy  wt.
As concentration 
(pg g"^) dry wt.
95.05 28.09
48.00 0.77
44.43 0.62
12.2 4.31
2.13 0.17
1.88 0.22
1.20 0.33
This relationship has been further reported [Girling et al., 1979] (see Table
1. 11).
Table 1.11-Correlation between gold and arsenic in various plant species after 
Girling et r//., 1979.
Species An concentration As concentration
(ng g-i) d iy  wt. (pg g"^) dry wt.
Cerasthim arvense L. 6.4 18.21
Polemonlum pulcherrinhnn Hook. 2.5 2.99
Dtyas octopetaJa L. 1.6 0.70
Lupinus lalifolhis Lind, ex Agardh 1.7 0.26
Pinas contorla Doug!. 0.7 0.81
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1.8. Aim s of the Study- An Overview
Essentially this study will be split into two areas of investigation;
(i) the analysis of synthetic solutions to investigate the optimum conditions 
for the determination, primarily, of gold and secondly the multi-element 
content of plant materials by ICP-MS;
(ii) the application o f the analytical techniques developed in (i) to study;
(a) the uptake of gold and competing elements by bryophytes under 
experimental conditions;
(b) the uptake of gold by bryophytes in a suspected auriferous area 
in the West Highlands o f Scotland;
(c) the gold and multi-element content of plant materials removed 
from an operating gold mine in New Zealand.
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CHAPTER II
Analytical Aspects of Gold and Trace Element Analysis
2.1. Analysis o f Gold in Environmental Samples
The quantitative analysis of gold in the environment is extremely difficult due to the 
low levels at which it exists. Only where the gold is found as an ore-deposit in 
auriferous ground is it detectable. Indeed, owing to the minute levels (sub ng ml'^) at 
which gold is found in fresh or seawater, many analytical techniques and sample 
preparation procedures are disqualified from use The problem of analysis at such low 
levels is reflected by the paucity o f articles available in the literature on this subject 
area. Table 2.1 shows a chronological list o f the investigations carried out and 
methodologies adopted, over the last two decades, for the analysis o f gold in 
environmental samples.
From Table 2.1 it can be seen that the main analytical techniques used for 
analysis have been instrumental neutron activation analysis (INAA), electrothermal 
vaporisation atomic absorption spectrometry (ETV-AAS) and inductively coupled 
plasma mass spectrometry (ICP-MS).
The major advantage of INAA is that the technique is non-destructive and 
subsequently no sample dissolution is required. Typical detection limits for INAA 
measurements of gold are in the range 2-5 ng g-  ^ [Hoffman and Brooker, 1982]. A 
more sensitive technique for the analysis o f gold is ETV-AAS with typical detection 
limits of 0.4 ng ml’  ^ [Brooks and Naidu, 1985]. However, for measurements on plant 
materials, the major disadvantage o f ETV-AAS is the need for sample dissolution prior 
to analysis. Furthermore, non-spectroscopic matrix interferences have been observed 
when large amounts of iron, copper and/or calcium are present in the sample.
Since its development in the early 1980s, ICP-MS has emerged a front 
runner for trace elemental and isotopic analysis. The technique is fast and sensitive, 
with reported detection limits for gold o f the order o f 0.5 ng mH [Hall et al., 1990]. 
Furthermore, owing to the high mass number of gold the l^^^u ion does not suffer 
from any known spectral interferences inherent in argon ICP-MS analysis. However, 
for the analysis of gold in plant materials, and other matrices, by ICP-MS, the 
disadvantage of sample dissolution also applies. The concentrations of weakly bound 
gold extracted from exploration humus samples are sub ng g 'f  Therefore, cost 
effective analysis can only be obtained through ICP-MS [Periy and Van Loon, 1991]
The most popular chemical treatment for the dissolution o f gold utilises aqua 
regia (AR) or HBr-Br2, followed by extraction into methyl isobutyl ketone (MIBK) 
[Gowing and Potts, 1991]. The latter step is necessary to separate the large levels of 
silica normally encountered in plant materials [Zhihui, 1987]. However, the use of 
organic materials significantly impairs the performance o f ICP-MS, causing instabilities 
in the plasma and blockage of the orifices o f the sampler and skimmer cones through 
carbon build up. Therefore other dissolution steps based on the use of hydrofluoric 
acid (HF) have been investigated [Hall et a l, 1990]. Hydrofluoric acid is well known 
for its ability to dissolve silicate-containing materials where the silica is lost from the 
matrix as volatile SiF^. However, before analysis can be performed on 'real' samples, 
certain criteria regarding the analytical technique, such as instrument optimisation, 
interferences, precision/accuracy, etc., have to be addressed.
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2.2. Analytical Techniques and M ethodologies
To the present day many analytical techniques have been employed for the 
determination of elemental levels in environmental matrices. Increasing demands for 
improved specificity, detection limits, multi-element capabilities and interfèrent free 
analysis, has brought about a progression from techniques such as atomic absorption 
spectrometry (AAS), atomic emission spectrometry (AES) and inductively coupled 
plasma emission spectrometry (ICP-AES) to instrumental neutron activation analysis 
(INAA) and inductively coupled plasma mass spectrometry (ICP-MS). Depending on 
the specific application to which a technique is employed, certain parameters inherent 
to analytical methodology have to be investigated.
2.2.1. Analytical Param eters
Many analytical techniques are available for the trace element analysis o f environmental 
samples. However, many factors have to be taken into consideration before a particular 
technique can be employed;
I. Selectivity: This is a description of the ability of a technique to respond to
a desired element and not to another. It is usually quantified as 
the ratio o f the response obtained for the undesired species 
(interfèrent) to that o f the element o f interest.
II. Sensitivity: This is a measure o f the capability of the technique to
discriminate between samples containing different amounts 
of the analyte. It is defined as the ratio of the change in the 
instrument response with a corresponding change in the 
stimulus. Quantitatively, the sensitivity is often defined as 
the concentration of the analyte required to cause a given 
instrument response- e.g. 1% absorption in the case of 
atomic absorption spectrometry (AAS).
III. Precision: The degree of mutual agreement o f independent
measurements under the same conditions. Precision is 
concerned with the spread of data and is usually 
calculated as the relative standard deviation (standard 
deviation/ mean x 100 %) of the results.
IV. Accuracy: The degree of agreement of a measured value with the true
or expected value o f the concentration of element 
concerned. An indicator o f the degree of accuracy is the 
confidence levels within which the measured value and the 
expected one are not significantly different.
V. Dynamic The range between the lower and upper limit of
Range: concentration for which incremental addition produce
constant increments o f response.
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VI. Detection This is the smallest amount o f the element that can be 
Lim it (DL): measured with a stated level of confidence. The DL is
usually calculated as the concentration o f the element needed 
to produce a signal equal to 3 times the standard deviation of 
the blank.
In addition to the above six factors which are influential in deciding which 
analytical method to adopt for a specific requirement, it is important to consider the 
ease o f operation, multi-element capabilities, speed of analysis and cost effectiveness of 
the technique.
2.2.2. Analytical Techniques
There are numerous methods available for trace element analysis o f plant materials. A 
close inspection o f these methods allows for a critical evaluation before embarking on 
the work contained in this study.
2.2.2.1. Flame Atomic Emission Spectrometry (FAES)
Flame atomic emission spectrometry (FAES) is based on the electromagnetic emissions 
from atoms in the excited state. Similar to flame atomic absorption spectrometry, a 
flame is the source o f atomisation and excitation. There are two commonly used flame 
emission techniques. One is a specialised instrument which is mainly employed for the 
analysis o f the alkali metals and is called a 'flame photometer'. The other common 
flame emission technique is simply an atomic absorption spectrometer operating in the 
emission mode.
The technique is highly selective and offers multi-elemental capabilities, 
together with a sensitivity approximately 10 ng mk^ for many elements. It has a wide 
dynamic range (4 orders of magnitude), but suffers from serious matrix effects, such as 
partially or wholly ionised interferences from substances releasing electrons in the 
flame (e.g. barium or lead which have low ionisation energies).
Flame emission methods, although more sensitive at longer wavelengths, are 
not as widely used as flame absorption methods. Background emission, self-absorption 
and spectral interferences are common problems with flame emission methods. A 
review o f the literature shows that there are no known studies that have employed this 
technique for the determination of gold in environmental samples. However, one study 
determined ultra-trace amounts of gold in geological materials based on an arc 
emission technique utilising gas chamber profile electrodes [Peiqing, 1992].
2.2.2.2. Flame Atomic Absorption Spectrometry (FAAS)
The basic principle underlying the analytical technique of flame atomic absorption 
spectrometry is that free atoms of an element will absorb light at characteristic 
wavelengths. Within a certain range of sample concentration this absorption o f radiant 
energy is proportional to the concentration o f atoms in the light path, in accordance 
with the Beer-Lambert Law,
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A= G .C L
where, A= absorbance
G= molar absorption coefficient (dm^ mol'^)
C= molar concentration of sample (mol dm’ )^
L= optical path length through sample (m)
Deviations from this proportionality occur at high sample concentrations due to 
the significant contribution from background absorption. For atomic absorption to take 
place the sample components have to be in a gaseous state. This is achieved by 
spraying the sample into a flame hot enough to vaporise and dissociate the 
components. The technique is relatively inexpensive, with good element selectivity. 
However, it has poor sensitivity for many elements and suffers from chemical and 
spectral interferences. The poor sensitivity which is inherent to this technique implies 
that it is not sensitive enough to detect the low levels at which gold is found in 
environmental samples and no known studies have been performed in this area using 
this technique.
2.2.2.3. Electrothennal Atomic Absorption Spectrometry (ETV-AAS)
The principles of electrothermal atomic absorption spectrometiy are relatively simple. 
An electrically heated graphite tube, rod, furnace or cuvette is placed in the optical 
path o f an atomic absorption system instead o f the flame burner used in FAAS. During 
operation 5 to 50 pi of the sample is injected into the tube, which is then heated in 
three stages: (a) 'dry' (110° C) to remove water and acid vapour, (b) 'char' (350- 1200° 
C) .to remove organic and more volatile compounds, and (c) 'atomise' (2000- 3000° C) 
to vaporise and atomise the analytes o f interest.
The advantages of ETV-AAS include a high degree o f selectivity, good 
sensitivity (sub ng mk^), small sample volume or mass requirement, applicability to a 
large number of elements, and relatively low running costs. The technique suffers, 
however, from a limited linear dynamic range (about 2 orders of magnitude), moderate 
precision (of the order of 2% to 5%), longer measurement times than for FAAS and is 
generally a mono-elemental analysis method.
The technique has been successfully employed for the determination o f gold in 
plant materials with levels in the range 280 to 1380 ng g-i (ashed weight) [W ard and 
Brooks, 1978], and from below the detection limit to 100 ng g-i (dry weight) 
[Reading et a l, 1987]. The technique has also been applied to the analysis o f gold in 
geological materials [Everett, 1974; F ryer and K errich,T978; Grégoire, 1988; Sen 
G upta, 1989] Furthermore, ETV-AAS has been employed for the determination o f 
gold in natural waters [Hall et al., 1986]. Typical detection limits for gold analysis by 
ETV-AAS are in the order o f 0.4 ng ml'i [Brooks and Naidu, 1985]
2.2.2.4. Instrumental Neutron Activation Analysis (INAA)
When using the technique of instrumental neutron activation analysis the samples are 
irradiated in a nuclear reactor with a beam of predominantly thermal neutrons. As a 
result o f the neutron bombardment various elements in the samples are converted to
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radioactive isotopes. These isotopes decay emitting characteristic radiations. Using a 
gamma-ray spectrometer, the gamma radiation is detected and counted. By comparing 
the signal with that of a standard irradiated and counted under similar conditions as the 
sample, a quantitative analysis may be determined. Instrumental neutron activation 
analysis is the basic form of NAA, which relates to the analysis of samples without any 
pre-analysis treatment. The method involves the direct measurement o f induced 
radioactivity after a suitable decay time.
The technique offers advantages o f sample non-destructibility and a multi­
element capability together with relatively high levels of sensitivity (ng m fi levels). 
However, due to the chemical nature of biological matrices (rich in Na, S, P, Ca, and 
K) several matrix interferences are usually observed. The technique has been employed 
in many analyses o f gold in environmental samples with gold concentrations ranging 
from 10 to 20 ng g-l (ashed weight) [Valeiite el a l, 1982; Dunn, 1986b], and 1 to 8 
ng g-i (dry weight) [Erdnian and Olson, 1985]. Typical detection limits for gold 
analysis by INAA are in the range o f 2- 5 ng g-> [Hoffman and Brooker, 1982].
2.2.2.5. Inductively Coupled Plasma Atomic Emission Spectrometry (IGF-AES)
The use of a plasma instead of the normal flame as an excitation source provides 
improved sensitivity (sub ng m fl) for most elements. This is because the high 
temperature in the plasma ensures that a higher proportion o f the atoms in the fireball 
are in the excited state and alleviates chemical interferences. However, this high 
temperature excites most elements to emit complex spectra. This in turn, leads to 
overlap between analytical lines and causes problems with spectral interpretation. 
There are no known studies being undertaken in the literature for the analysis o f gold 
in environmental samples.
2.2.2.6. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The basis of inductively coupled plasma mass spectrometry is that ions from a high 
temperature plasma, operating at atmospheric pressure, are separated according to 
their mass-to-charge (m/z) ratio, detected and then analysed by a mass spectrometer. 
Owing to its very low detection capabilities, high sample throughput and wide linear 
dynamic range, this technique is probably the best method to employ for the analysis of 
gold in plant materials. A detailed explanation o f this technique will be discussed in the 
next section.
2.3. Inductively Coupled Plasma M ass Spectrom etry (ICP-M S)
2.3.1. Oveiview of Inductively Coupled Plasma Mass Spectrom etry
Essentially ICP-MS is divided into three basic components; (i) the inductively coupled 
plasma, (ii) the mass spectrometer, and (iii) the interface connecting the first two. The 
sample to be analysed is introduced, usually as an aerosol, into a stream of argon gas 
which enters the core of an argon plasma at ambient pressure. The high temperature of 
the plasma (the temperature in the central channel of the plasma is between 5000 K 
and 7000 K) causes the sample to desolvate, vaporise and ionise. A portion o f the
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plasma is transported, via differential pressure stages, into a vacuum system where 
positively charged elemental ions are extracted and separated according to their mass- 
to-charge ratio by a quadrupole mass analyser.
The intrinsic elements of the ICP-MS instrument are the sample introduction 
system, an argon plasma, ion optics, mass analyser and ion detector in the form of a 
channeltron electron multiplier (CEM) and a Faraday cup. Fig. 2.1 shows a schematic 
diagram of a typical ICP-MS instrument.
In general, samples are introduced in an aqueous form, this solution being 
nebulised and introduced, via a stream of argon gas, into the ICP in the form of an 
aerosol. This aerosol is then desolvated, atomised and ionised in the argon plasma. A 
portion of the ions is allowed to flow through the sampling interface into a multi-stage 
vacuum system (at relatively high vacuum) in which the quadrupole mass analyser is 
located. Before reaching the mass analyser, the ion beam is collimated and focused via 
a set of ion optics. Finally, the ions exiting the quadrupole are deflected onto the 
surface of an ion detector.
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Fig. 2.1- Schematic diagram of a SOLA ICP-M S instrum ent.
The main features of ICP-MS are; excellent detection limits, multi-element 
analysis capabilities, isotopic analysis, high sample throughput, large linear dynamic 
range, and relatively easily interpreted spectra [Heumann, 1985; T urner, 1992].
2.3.2. The Inductively Coupled Plasma (ICP)
Apart from their orientation and coil grounding arrangements the ICPs used in mass 
spectrometry (MS) instruments are essentially the same as the atomic emission 
spectrometry (AES) versions [Boumans, 1978]. Similarly, the mass analysers, ion 
detectors and data collection systems employed are similar to those developed for 
quadrupole gas chromatography mass spectrometry (GC-MS) instruments. Even the 
heart of the ICP-MS instrument, the interface, which transfers ions from atmospheric
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pressure to the mass analyser in vacuum, bears a familiar resemblance to systems used 
in molecular beam studies.
In the ICP, the plasma is supported by argon gas which flows from a cylindrical 
torch. At one end of the torch is a water-cooled copper coil. A radio frequency 
magnetic field is inductively coupled to the electrons of the gas which are accelerated 
in circular paths around the lines o f force that run axially through the coil. The initial 
electron density is produced by a spark from a Tesla coil. However, once the electrons 
reach the ionisation energy of the support gas, further ionisation o f the argon occurs 
and a stable plasma is formed. Fig. 2.2 shows a diagram of the plasma and the various 
temperature zones contained within it.
Load coil
Norm al analytical zone (blue)
Initial radiation  
zone (red)
Induction region
Torch
— Outer gas flow
Aerosol gas flow
Fig. 2.2- Diagram of the plasma and its various temperature zones after
J a m s  «/., 1992.
2.3.3. Sample Introduction
The ICP requires all samples to be introduced into the central channel gas flow as a 
gas, vapour or aerosol of fine droplets or solid particles. A wide variety o f methods 
may be used to produce these, such as pneumatic or ultrasonic nébulisation o f a 
solution, electrothermal volatilisation o f micro-samples from a hot surface, laser or 
spark ablation from a solid, and generation o f volatile hydrides or oxides from a 
connected reaction vessel. The conventional sample introduction system employed 
with most commercial ICP-MS instruments consists of a peristaltic pump, a nebuliser 
and a spray chamber.
The peristaltic pump delivers the sample, at a constant rate, to the nebuliser 
where the solution is converted into an aerosol. Large droplets are removed by a spray 
chamber which allows only those droplets below 10 pm to pass into the plasma. These
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small droplets carry only approximately 1% of the solution (this is dependent on the 
type o f nebuliser employed, but in general this level o f transport efficiency is 
encountered). Although universally recognised as a very inefficient system, the 
pneumatic nebuliser retains its popularity because o f its convenience, reasonable 
stability, and ease of use with multiple sample changes. However, pneumatic nebulisers 
are prone to blockage from undissolved solids contained within the sample solution 
[Williams and Gray, 1988]. This problem can be rectified by ensuring that the 
percentage of dissolved solids content of the sample is below 1%
2.3.3.1. The Nebuliser
Sample introduction into the ICP, including nébulisation, is a critical part o f the 
analytical process in ICP-MS. The great majority of ICP-MS analyses are carried out 
on liquid samples, and, therefore, require a gas stream to get the sample to the plasma. 
The most convenient method for liquids to be introduced into the gas stream is as an 
aerosol from a nebuliser. The aerosol droplet distribution obtained after nébulisation 
has an important influence on the stability o f the ion signal. Precision, detection limits 
and dynamic range are all generally influenced by noise in the measured signal.
The most commonly used nebuliser designs for analytical work are pneumatic 
and ultrasonic [Sharp, 1988], although other types such as electrostatic, thermospray, 
jet impact and mono-dispersive generators have also been used. Owing to their 
simplicity of design and construction, pneumatic nebulisers are extremely popular. 
There are three main configurations of pneumatic nebulisers available for use in ICP- 
MS, the concentric, cross-flow, and Babington (or V-groove). The latter o f these 
designs was employed in this study.
2.3.3.1.1. The Babington or V-groove Nebuliser
In the V-groove system, the solution is allowed to trickle down a V-shaped groove 
with a high pressure gas flowing through a small orifice at the point o f the V. Although 
Babington type nebulisers still exhibit inferior memory effects when compared to 
concentric or cross-flow designs, this modification made a significant improvement to 
memory effects. Fig. 2.3 shows a schematic diagram of a V-groove nebuliser.
The main advantage of the V-groove nebuliser is its resistance to blockage 
when compared with other designs, and hence is widely used for solutions o f high salt 
content, like slurries and suspensions [Jarvis and Williams, 1989; Totland et al., 
1993]. However, the design of the V-groove does not display optimum geometry for 
aerosol generation, which is evident from the coarser particle size distribution and 
lower efficiency [Sharp, 1988] These disadvantages are not necessarily translated into 
a degradation of analytical performance, since the spray chamber is the principal 
determinant o f particle size reaching the plasma.
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Solution delivery
Gas exit port
V-groove
Fig. 2.3- Schematic diagram of a V-groove nebuliser after Jarvis et al., 1992. 
2.3.3.2. The Spray Chamber
Aerosol transport efficiency is defined as the percentage of the mass o f nebulised 
solution that actualK' reaches the plasma For this percentage to be hiuh and for rapid 
desolvation, volatilisation and atomisation o f the aerosol droplets when they reach the 
plasma, a nebuliser must produce droplets o f <10 pm. However, pneumatic nebulisers 
produce aerosols with a broad distribution o f droplet diameters up to 100 pm. The 
primary task of the spray chamber is to remove large droplets (>10 pm) from the gas 
stream and remove them to waste. As the gas flow carrying the aerosol enters the 
spray chamber, it undergoes sharp changes in direction which the larger droplets 
cannot follow. These droplets strike the walls and subsequently run to waste. The 
spray chamber ensures that only droplets small enough to remain in suspension in the 
gas flow are carried into the plasma. With most pneumatic nebulisers this means a loss 
o f about 99% of the sample solution.
During the early development of ICP-MS, water was identified as a major 
source o f ions for the formation of polyatomic species [Gray, 1986] Reducing the 
amount o f water or solvent introduced into the plasma should reduce the levels of 
polyatomic ions. For an instrument operating with the spray chamber temperature >25° 
C, more water enters the plasma as vapour, than in the form of an aerosol. Cooling the 
spray chamber causes much of the vapour to condense on the walls, significantly 
reducing the water input to the plasma. At about 10° C the levels o f both oxygen 
related and other polyatomic ions (e.g. ArO+ and ArAr+) are greatly reduced [Gray 
and W illiams, 1987; Hutton and Eaton, 1987]. Thermally stabilised spray chambers 
are essential where organic solvents are used. The higher vapour pressure produces 
increased solvent loading in the ICP resulting in plasma instability, and consequently
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temperature fluctuations in the spray chamber may bring about a significant effect on 
signal stability. As a result, an outer jacket is added onto the spray chamber where it is 
then water cooled, this maintains a constant temperature. The most popular design of 
spray chamber employed in ICP-MS is the double pass chamber, also known as the 
Scott chamber. This design has been employed in this study.
2.3.4. A lternative Sample Introduction Techniques
Depending on the specific needs of the analyst, there are many other techniques 
available for sample introduction.
2.3.4.1. Electrothennal Vaporisation
Much work has been carried out on this form of sample introduction [Park and Hall, 
1986; W hittaker et al., 1989). A small volume (typically 5-100 pi) o f sample is 
deposited into an electrically conductive vaporisation cell. Initially a low current is 
applied to the cell, causing resistive heating to occur, which dries the sample. This is 
then followed by a high current for a short period of time (typically 5 seconds) to 
completely vaporise the sample. A continuous stream of gas (usually argon) is passed 
through the unit and carries the sample vapour into the plasma. Electrothermal 
vaporisation may be a useful method o f sample introduction offering advantages of low 
volume requirement, high transport efficiency (compared to pneumatic nébulisation) 
and easy removal of solvent, with a resultant lowering o f detection limits. 
Electrothermal vaporisation fits the requirements necessary for the analysis o f gold in 
environmental samples. To date there are no known reports in this area.
2.3.4.2. Hydride Generation
Elements that form hydrides which are gaseous at ambient temperatures (e.g. As, Bi, 
Ge, Pb, Se, Sn, and Te), can be generated easily from aqueous solutions in a reducing 
environment. The most frequently used method of hydride generation is the acid- 
borohydride reaction. The main requirements for this system are: (i) efficient mixing of 
the sample solution and the borohydride; (ii) a short period of time to complete the 
reaction; (iii) separation of the product gases from the liquids; (iv) uniform mixing of 
product gases with the argon carrier gas and (v) a small positive pressure to sweep the 
gas into the ICP. This form of sample introduction is useful where interferences 
inherent in ICP-MS cause problems with the analysis of various isotopes, e.g. the ArCl 
interference on mono-isotopic ^^As. Employment o f hydride generation as a sample 
introduction technique can result in sensitivity enhancement o f up to 1 or 2 orders of 
magnitude. However, this form of sample introduction is not applicable to the analysis 
o f gold in environmental samples.
2.3.4.3. Flow Injection
Essentially the flow injection technique involves the injection of a discrete sample 
volume into a continuously flowing carrier stream [McLeod, 1987; Paul et a l, 1989] 
This method offers several advantages over continuous nébulisation where (i) large 
dilution factors are required, (ii) there is limited sample volume, (iii) samples have a 
high dissolved solids content or (iv) variations in solution properties (e.g. viscosity)
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may affect continuous nébulisation [Dean et a l,  1988]. This form of sample 
introduction produces about a ten fold lowering in the detection limit. Again, this 
technique displays qualities favourable for the analysis of gold at low levels in 
environmental media; once again, there is a definite paucity o f literature available on 
the subject. However, one study applied the sample introduction technique o f flow 
injection to the determination of gold in natural waters, with a subsequent injection 
volume o f 250 pi and nominal pre-concentration factor of 160 [Gomez Gomez and 
McLeod, 1995]. The authors noted a detection limit of 0.19 pg mhk
2.3.5. The Ionisation Source
The ionisation source consists of an argon plasma held at approximately 8000 K by a 
radio frequency field which is inductively coupled to the plasma via a load coil.
2.3.5. L Torch and Plasma
Torches are constructed from good quality fused silica to a high degree o f accuracy. 
The injector tube diameter is generally approximately 1.5 mm. Narrower bore tubes are 
rarely used as they block easily, an important consideration when solutions containing 
a high concentration of dissolved solids are to be analysed. However, they do offer 
better plasma penetration.
The inductively coupled plasma is an eletrodeless discharge in a gas at 
atmospheric pressure, maintained by energy coupled to it from a radio frequency 
generator. This is done by a coupling coil, which functions as the primary o f a radio 
frequency transformer, the secondary of which is created by the discharge itself. The 
RF current supplied from the generator produces a magnetic field which varies with 
the generator frequency, usually 27 or 40 MHz, so that within the torch the field lines 
lie along the axis. The discharge is usually initiated in a cold torch by a spark from a 
Tesla coil, which provides free electrons to couple with the magnetic field. Electrons in 
the plasma presses around the magnetic field lines in circular orbits and the electrical 
energy supplied to the coil is converted into kinetic energy of the electrons.
The plasma is formed by a tangential stream of argon (auxiliary gas) flowing 
between two quartz tubes. At the frequencies used, the skin effect occurring in RF 
induction heating ensures that most of the energy is coupled into the outer or induction 
region o f the plasma. The cool injector gas flow punches a channel through the centre 
o f the plasma (known as the central channel or zone), carrying most o f the sample 
aerosol, so that little appears in the outer annular part of the plasma. The physical 
separation between the region where the electrical energy is added and the region 
containing the sample is one reason for the mildness of physical and chemical 
interferences in the ICP compared to those seen in most other spectrochemical 
sources. This in part explains the great immunity o f the ICP to inter-element 
interactions.
Generally, most o f the elements with ionisation energies below that o f argon 
(15.75 eV), are approximately ionised to 90% by the ICP. Furthermore, the conditions 
in the plasma are such that relatively few doubly charged ions are formed. As an ion 
source the ICP may thus be seen to have several valuable properties. The samples are
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introduced at atmospheric pressure, and may be readily interchanged. The degree of 
elemental ionisation across the periodic table is relatively uniform and is mainly to 
singly charged ions. Sample dissociation is very efficient at the gas temperatures 
experienced and few molecular fragments remain. High ion populations o f trace 
concentrations are produced and therefore potential sensitivity is high. The main 
disadvantages are the high gas temperature and pressure at which the ions are 
produced which require an appropriate interface design to transfer the ions without 
significant distortion of their relative populations to a mass analyser.
2.3.5.2. R F  Coupling
The load coil and plasma present a low electrical impedance to the RF generator which 
feed them energy. In order to provide efficient energy transfer, and to avoid mis­
matches which could produce high potentials from the reflected power. It is essential 
that the generator 'sees' a matched load at the end of the coupling line to the load coil, 
which itself is essentially resistive and absorbs the power delivered. Most ICP-MS RF 
systems operate at power levels between 1.0 and 1.5 kW, with the reflected power 
reduced to a few watts or even less.
2.3.5.3. Other Plasmas
Argon is by far the most common gas used to sustain the ICP. However, there has 
been substantial interest in mixed-gas ICPs to reduce the levels o f certain polyatomic 
ions. One of the earliest uses of non-argon plasmas was that o f a helium-ICP 
[Wellington et al., 1983; Lam and Horlick, 1990a,b; Lam and M cLaren, 1990]. 
Also the use of a helium plasma was employed for the analysis o f metals difficult to 
observe with nébulisation Ar-ICP. namely. As Br, and Se. owing to the fact that Ar 
plasmas cause interferences on these elements. However, the temperature o f the He- 
ICP (approximately 2500 K) is substantially lower than that of the Ar-ICP which can 
cause dissociation problems. Argon plasmas are more widespread because they 
produce the best analytical performance in terms of high detection power, wide linear 
dynamic range, multi-element capability and isotopic ratio analysis.
2.3.6. Ion Extraction
Extracting ions from the plasma into the vacuum system is critical in ICP-MS. Ions 
first flow through a sampling cone orifice (approximately 1 mm diameter) into a 
mechanically pumped vacuum system, where, a supersonic jet forms. The central 
section o f the jet flows through the skimmer cone orifice, which is also approximately 
1 mm diameter, this being mounted directly behind on the same axis as the sampling 
cone at a distance of 6-7 mm. The extracted gas containing the ions attains supersonic 
velocities as it expands into the vacuum chamber and reaches the skimmer orifice in a 
few microseconds. Therefore, the sample ions change very little in nature or relative 
proportions during extraction.
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2.3.7. Detection Unit
Essentially the detection unit is divided into three sections, namely, the interface, the 
ion optics and the quadrupole mass analyser.
2.3.7.1. The Interface
The interface of the ICP-MS is the connection between the ICP and the mass 
spectrometer. The ICP operates at atmospheric pressure, at a very high temperature 
and contains a high number of neutral species. Conversely the quadrupole mass 
analyser needs to work at a pressure of approximately 10-  ^ mbar or less. Ions from the 
plasma have to be transported between these two regions without undergoing any 
reaction that might influence the final signal. The gas dynamics at the interface are 
responsible for the gas kinetic temperature and the passage of the plasma through the 
sampler and skimmer cones [Douglas and French, 1988] It is the sampling and 
skimmer cone that essentially constitute the interface.
At the interface, the plasma flares out around the side of the sampling cone, in 
the tip of which the aperture (approximately I mm in diameter) is drilled. Most o f the 
injector flow from the plasma is extracted by the aperture while the majority o f the gas 
that passes over the sides of the cone comes from the annulus. Behind the sampling 
cone is the skimmer cone. The condition o f the skimmer tip (approximately 1 mm in 
diameter) has a direct bearing on the sensitivity of the ICP-MS instrument and the 
levels of some polyatomic ions [Douglas and K err, 1988], notably the main argon 
interfèrent at 80 mass-to-charge. If the aperture of the sampling cone is too small, then 
the much cooler boundary layer, which forms when the plasma strikes it, will extend 
over the aperture Tons are then sampled from a much cooler region where clustering 
reactions can occur.
2.3.7.2. The Ion Optics
Once the ions have left the skimmer, they are conveyed to the mass analyser. In order 
to ensure that the maximum number of ions exiting the interface reach the mass 
spectrometer, electrostatic ion lenses are employed. Each individual ion lens consists of 
several electrodes, with controllable potentials applied, strung together to confine the 
ions on their passage to the mass analyser. Adjusting the potentials applied to the 
various lenses provides focusing and steering o f the ion beam through the ion optical 
system for transmission to the mass analyser for mass-to-charge discrimination.
The sampler and skimmer cone stare into the centre of the plasma which is a 
source of photon discharge, that can activate the detector, thus registering as an 
erroneous signal. As a consequence, some systems employ a central disc incorporated 
into each lens to prevent spurious photons reaching the detector. In these systems 
where the central disc or photon stop’ is employed, a voltage is sometimes applied to 
deflect some o f the ions around it safely. In the SOLA ICP-MS instrument the entrance 
to the quadrupole mass analyser is offset from the line of sight through the sampler and 
skimmer. This configuration is an effective system for minimising the background 
caused by spurious photonic discharge. The offset nature of the mass spectrometer 
employed in the SOLA instrument further demonstrates the steering properties o f the
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ions lens system which enables the ion beam to be deflected from it original path, after 
leaving the skimmer, and into the axis o f the mass spectrometer. It has been stated that 
the off-axis quadrupole mass spectrometer is a more efficacious system than the 
employment of a central disc or photon stop in the reduction o f spurious photonic 
discharge [Jaiwis err//., 1992].
In addition to maximum ion transmission the unit must be able to transmit ions 
with different masses with the same efficiency. However, ions entering the ion optical 
system that have different masses will have different kinetic energies and thus follow 
different paths through the lens. Consequently, different ion optical conditions are 
necessary to transmit ions of different mass-to-charge. This situation brings about a 
variation in the instrument sensitivity for different elements across the mass range. 
However, a severe loss of sensitivity across the mass range is generally not 
experienced when a single set o f ion lens settings are used for multi-element analysis.
2.3.7.3. The Quadrupole Mass Analyser
The quadrupole mass analyser consists of four straight metal rods or metalled surfaces 
suspended parallel to and equidistant from the axis. The surface of these rods should 
have a hyperbolic shape, although, in general, round rods that approximate hyperbola 
are usually used. One pair of rods has a positive voltage applied to them, while the 
other pair has a negative voltage. The RF voltages on each pair have the same 
amplitude but are opposite in sign (i.e. 180° out o f phase). These reduce the fringing 
fields at the entrance to the main rods so that low energy ions are not prevented from 
entering. Together with the d.c. pole bias on the quadrupole itself, this allows the 
transmission of much higher masses than would otherwise be possible. The quadrupole 
mass analyser works by creating a particular time varying electric field in the space 
between the four rods which only allows a stable trajectory for ions with a narrow 
range o f mass-to-charge. To achieve overall instrument sensitivity ion transmission 
must be good. This is realised by employing large quadrupoles, with electrodes 
typically over 200 mm long and 12 mm in diameter.
The ions to be separated are introduced along the axis into one end o f the 
quadrupole structure at velocities determined by their energy and mass. The applied 
RF voltages deflect all the ions into oscillatory paths through the rods. If the RF and 
DC voltages are selected properly, only ions o f a given m/z ratio will have stable paths 
through the rods and will emerge from the other end. Other ions will be reflected too 
much and will strike the rods, be neutralised and lost there. Fig. 2.4 shows the 
configuration of a typical quadrupole mass analyser.
There are several reasons for employing quadrupoles, namely; they are 
relatively cheap and compact, more tolerant o f high operating pressures and spreads in 
ion energy than most mass analysers, can be scanned rapidly at rates up to 3000 mass 
units per second and normally transmit a large fraction of the injected ion beam. This is 
the system configuration utilised in this study.
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Fig. 2.4- The configuration o f a typical quadrupole mass analyser after
Jarvis e/rt/., 1992.
2,3.7.4. The Vacuum System for Inductively Coupled Plasma Mass Spectrometry
In all mass spectrometers, ions are physically separated in a vacuum environment. The 
vacuum is needed to ensure that the ions do not collide with residual gas molecules and 
deflect away from their intended paths. Because the ICP requires a total gas flow of 
approximately 17 1 mim^, direct introduction of the total ion beam into the mass 
spectrometer is impractical. The method used to reduce the high gas load is to 
interface the two instruments through differential pumping. The design o f the interface 
significantly influences the performance o f the ICP-MS.
A three stage vacuum system is used in ICP-MS. The pressure is reduced 
gradually in separate stages by a technique called differential pumping. Therefore, the 
system has three orifices (sampler, skimmer and differential pumping orifice), each with 
its own sealed chamber and pump.
A mechanical pump is used for the first stage. The bulk o f the extracted gas is 
removed here. In the second stage, which houses the ion lens, the pressure is 
approximately 10-4 mbar. Virtually all this gas comes from the plasma through the 
skimmer. The third stage pressure is reduced to approximately 4 x IQ-  ^ mbar. The 
instrument employed in this study, namely, the Finnigan MAT SOLA, utilises this 
arrangement.
2.3.8. Ion Detection and Data Handling
Ions are detected in one of two ways in the Finnigan MAT SOLA ICP-MS, either by a 
channeltron electron multiplier (CEM), or by a Faraday cup or plate. The choice o f 
detector employed is dependent on the magnitude of the ion beam which is to be
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measured. Large ion beams (> 10  ^ ion sec^) should not be allowed to reach the 
multiplier as they rapidly reduce its performance. Under such conditions a Faraday 
collector should be used.
2.3.8.1, Channeltron Electron Multiplier (CEM)
Mass resolved ions leaving the mass spectrometer are generally detected by an off-axis 
CEM in the pulse counting mode for maximurn sensitivity. The operating principles are 
similar to those of a photomultiplier, except that there are no discrete dynodes. 
Instead, an open glass tube with a cone at one end is employed. The interior of the 
tube and cone are coated with a lead oxide semiconducting material. Electrical 
connections are made to the semiconducting coating through metal strips. For 
detection of positive ions, the cone is biased at a high negative potential 
(approximately -3 kV) and the back o f the tube close to the collector is held near 
ground potential. Relative to either end, the resistance of the interior coating varies 
continuously with position. Thus, when a voltage is applied across the tube, a 
continuous gradient of potential exists with position inside the tube.
Essentially, within the tube, a positive ion is attracted by the high negative 
potential at the cone. When the ion hits the surface, one or more secondary electrons 
are emitted. The potential in the tube varies continuously with position, such that the 
secondary electron(s) move further into the tube to regions closer to ground. These 
secondary electrons hit another section and more secondary electrons are emitted. This 
process is repeated many times as the secondary electrons pass down the tube. This 
results in a discrete pulse containing approximately 10  ^ electrons at the collector. The 
CEM is operated at pressures below approximately 5 x 10-5 torr, if this pressure is not 
achieved spurious discharges occur in the detector chamber. Fig 2.5 shows the main 
elements o f the channeltron electron multiplier.
The choice of this detector is based on its robustness, tolerance to gas 
pressures up to 10-^  mbar, reasonably long life, low background count rates, relatively 
high electrical gain, and fast response. The main problem of a CEM is its low tolerance 
to high currents generated by strong ion beams.
Ions from mass analyser 
©  ^
Secondary
electrons
3 k V
Pre-amplifier
Fig. 2.5- The main elements of the channeltron electron m ultiplier after
Jaiwis etrt/., 1992.
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2.3 .8 .I.I. Signal Measurement by Pulse Counting
An ion yields one pulse of approximately 10  ^ electrons. This pulse is sensed and 
shaped by a fast pre-amplifier. The output pulse from the pre-amplifier is then fed to a 
digital discriminator. However, only pulses with an amplitude above a certain threshold 
level are passed onto the counting circuit, this threshold being high enough to 
discriminate against low amplitude pulses caused by the spurious emission of electrons 
from inside the tube. The dark current count rate can be very low with a CEM 
(typically 1 count sec-'O, thus very weak ions can be sensed. In practice, this very low 
background signal is not realised in analyses carried out on the SOLA ICP-MS 
instrument and was usually observed to be as high as 300 counts sec 'k  This high 
background signal is an inherent problem of the instrument employed in this study.
2.3.8.2. The Faraday Cup or Plate
The Faraday detector consists o f a metallic cup that is maintained at a potential high 
enough (relative to the remainder o f the spectrometer) to allow ions to be captured. In 
practice this is often realised with a potential that is maintained at a virtual ground 
level.
Ions that exit the mass analyser pass through a collimator slit and, in some 
instruments, through one or more suppresser grids or electrodes prior to striking the 
cup. The suppresser electrode is maintained at a potential that returns to the cup any 
secondary ions that are emitted during bombardment of the cup by sample ions. The 
current produced by ionic bombardment o f the cup is converted to a potential, 
amplified electronically and displayed in the readout device.
2.3.8.3. Data Acquisition
A multi-channel analyser (MCA), typically containing 2048 channels o f data 
acquisition memory, is employed for data accumulation. The quadrupole is set for the 
first mass and the mass range required and its scan synchronised with each sweep of 
the MCA so that filtered ions with a particular mass-to-charge ratio are always 
recorded in the same channel or group of channels. Both instrumentation control and 
data output are computer controlled in ICP-MS analysis. As a consequence, the plasma 
may be ignited and data accumulated under computer command.
2.3.8.4. Interpretation o f Raw Ion Counts
The raw counts for each analyses were stored by the software supplied with the 
instrument on the hard disc of the computer controlling the system. The data was 
down loaded onto a floppy disc and integrated using an ‘in-house’ programme. Peak 
shapes remained relatively uniform throughout the analyses with the system set-up to 
provide data for eight (for the Faraday cup) or sixteen (for the CEM) passes per amu 
The data was integrated using a three-point integration method (one count at the 
maxima of the peak, and two adjacent counts at the full width half maximum of the 
peak). The integrated data was imported to a commercial spreadsheet software 
package for further manipulation.
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2.3.8.5. Calculation o f  Elemental Concentrations
Once the raw counts have been integrated using the in-house software they are in a 
form such that the respective concentrations for each sample can be calculated. Each 
sample will contain information (i.e. raw counts) pertaining to three quantities 
necessary to calculate the final concentration for the element of interest in the sample, 
namely,
Rsa“  Signal for element in sample
Signal for internal standard in sample
Rb= Signal for element in blank
Signal for internal standard in blank
R st= Signal for element in calibration standard
Signal for internal standard in calibration standard
Each quantity is calculated from an average o f three scans for the multiplier 
detector and a single measurement for the Faraday cup. The concentration in solution 
is then calculated from the equation,
Concentration in solution (Csni)~(R.<sA~Rn) x standard calibration concentration
(Rgy-Rg)
The final concentration, expressed on a dry weight (dry wt.) basis is calculated 
from the equation,
Dry wt. conc.=Csoi x final volume o f samplex total ash weight of sample
ash weight for aliquot x dry weight of sample
This equation can only be employed provided the total ash weight (g) of the 
sample, the ash weight (g) of the aliquot employed for the sample and the dry weight 
(g) o f the original unwashed material is noted. If  the dry weight o f the material is 
unknown then the data has to be presented on an ashed weight (ash wt.) basis.
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2.3.9. Interferences in Inductively Coupled Plasma Mass Spectrom etry
As with most analytical techniques ICP-MS is subject to several interferences. These 
interferences have to be realised and quantified in order to obtain reliable sample 
analysis. Essentially they are separated into two categories, namely, spectroscopic and 
non-spectroscopic interferences.
2.3.9.1. Spectroscopic or Spectral Interferences
This category of interferences probably forms the largest and most intractable in ICP- 
MS. Spectroscopic interferences are caused by atomic or molecular ions having the 
same nominal mass as the analyte of interest, thereby interfering with the analysis by 
causing an erroneously large signal at the mass-to-charge number under scrutiny. In 
ICP-MS, these interferences are caused by poor resolution o f the quadrupole mass 
spectrometer, which is not capable o f resolving peaks which fall within 1 amu from 
each other. Depending on the origin of these peaks, spectroscopic interferences can be 
classified into isobaric, polyatomic or adduct ions, refractory oxide and hydroxide ions 
and doubly charged ions [M ontaser and Golightly, 1992].
2.3.9.1.1. Isobaric Ions
These are due to an overlap between isotopes of elements (e.g. ^^Fe and ^^Cr). 
Although, in reality the masses may differ by a small amount, the signals for each mass 
cannot be resolved by the quadrupole used in ICP-MS. The severity o f this type of 
interference is dependent to some extent on the sample matrix and relative proportions 
o f the elements concerned. As a general rule, isotopes with odd masses are free from 
overlap, while many with even masses are not. To correct for a spectral overlap, 
normally, an interference-free isotope o f the interfering element is measured and, based 
on its signal level and the natural abundance information of the interfering element, a 
correction can be calculated and applied at the mass of the element under scrutiny 
[Vaughan and Horlick, 1986]. During analysis, however, it is nearly always possible 
to use an 'overlap free' isotope of the element under investigation. Nevertheless, the 
major drawback with using a different isotope number is the fact that inevitably it has a 
lower abundancy than that of the overlapped mass, and hence some loss in sensitivity is 
encountered. Therefore, isobaric interferences do not pose as major a problem as one 
might first feel in real sample analysis. Fig. 2.6 illustrates the problem of isobaric 
interference. However, in the analysis of gold at the peak there are no known 
isobaric interferences.
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Fig. 2.6- Illustration of an isobaric interference.
2.3.9.I.2. Polyatomic or A dduct Tons
These interferences are by far the most serious in ICP-MS analysis. The polyatomic 
ions result from ion-molecule interactions between major species in the plasma which 
occur during the extraction process or in the expansion stage. Most ICP-MS 
instruments employ continuum sampling and, therefore, the contribution from the 
boundary layer might be considered to be small. However, it has been postulated that 
the boundary layer around the edges o f the sampling orifice may still contribute 
polyatomic oxides [Vaughan and Horlick, 1990] In general, interfering polyatomic 
ions result from the short lived combination o f two or more atomic species, e.g. ArO^. 
Argon, hydrogen and oxygen are the dominant species in the plasma and these may 
combine with each other or with other elements from the analyte matrix forming oxide 
ions (M0+), or with components o f the plasma gas matrix species forming molecular 
ions. Furthermore, the acid in which the samples and standards are prepared is a major 
contributor to the 'background spectra' and possible interfering polyatomic species. 
These interferences can only be reduced by careful choice of operating parameters, use 
o f mixed gas plasmas, and the use of cooled spray chambers (to reduce the solvent 
loading of the plasma) [Evans and Ebdon, 1989].
In this study a 5% AR solution was employed as the sample preparation acid. 
Possible molecular ion interferences will probably result from the double distilled 
deionised water, HNO3 and HCl. Table 2.2 shows the possible combinations of 
interfering species arising from the use of 5% AR on the elements of interest in this 
study [Tan and Horlick, 1986].
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Table 2 .2- Background polyatomic species for 5%  aqua regia for corresponding 
masses up to 75 m/z after Tan and Horlick, 1986.
Mass Elements 5%  AR
54 Fe (5.921 Cr (2.38) 38At>5NH, 40ArWN, 3«Arl%, sSAtNQ,
36Arl70H. 37C1160H. 37C1170!
55 Mn (100) 40Ari5N, « A tMn H, 38At170, 36Ar'»0H, 
3«Ari60H, 37CI180. ” C|170H
56 Fe (91.66) 'K’At'SNH, 38At180, 40Arl6O, 38At170H, 
37CI>*OH
57 Fe(2.19) 40At17O, 40AtI6OH, 38Ar>80H
63 Cu(69.1)
64 Zn (48.89), Ni (1.16)
65 Cu (30.9)
66 Zn (27.81)
67 Zn(4.11) 35cil60>«0
68 Zn (18.57) 40Arl4Nl4N. 35CI160>70
75 As ( 100) 38Ar36ArH. 38Ar37Cl, 40At35C1
*: Numbers in parentheses refer to the percentage natural abundance.
2.3.9.I.3. Refractory Oxide and Hydroxide Ions
Refractory species occur as a result o f incomplete dissociation o f the sample matrix in 
the plasma and/or from recombination in the boundary layer, or ion-molecule reactions 
during ion extraction. The result is an interference, e.g. M0+, MO2+ or MO3+ mass 
units above the M"*" peak, and MOH+ species interfering with analytes at the 
appropriate masses. As with polyatomic ion formation, the RF forward power and 
nebuliser gas flow rate have a significant effect on the level of M 0+ ions generated 
[Vaughan and Horlick, 1986]. Table 2.3 shows the possible oxide and hydroxide 
interferences on the elements analysed in this study [Vaughan and Horlick, 1986].
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Table 2.3- Possible oxide interferences on elements analysed in this study after 
Vaughan and Horlick, 1986.
Mass Elements Interferences
56 Fe (91.7) 40Cal6Q
58 Fe (0.33), Ni (67.7) 42Ca^6Q
63 Cu (69.1) 47xil6o
64 Zn (48.9), Ni (1.16) 48Cal6Q, 48Xil60
65 Cu (30.9) 49xiI60
66 Zn (27.8) 50xii6o, 50V16O, 50Crl6Q
67 Zn (4 11) 5 iy l6o
68 Zn(18.6) 52Crl60
107 Ag(51.8) 9iZrl6o
109 Ag (48.2) 93Nbl6Q
110 Cd (12.4) 94Zrl6Q, 94Mol6Q
111 Cd(12.8) 95Mo16Q
112 Cd (24.1), Sn (0.95) 96Zrl6Q, 96yiQl6Q
113 Cd(12.3) 97Mo160
114 Cd (28.9), Sn (0.65) 98Mol6Q
116 Cd (7.58), Sn (14.2) IOOMoIôQ
197 Au ( 100) isiXaiôQ
Numbers in parentheses refer to the percentage natural abundance.
2.3.9.I.4. Doubly charged ions
The extent of doubly charged ion formation in the plasma is dependent on the second 
ionisation energy of the element and the condition of the plasma equilibrium. Only 
those elements with a second ionisation energy lower than the first ionisation energy of 
argon (15.75 eV) will undergo any significant degree o f 2+ formation. Owing to their 
double charge, these ions are observed at half the mass o f their single ion counterparts 
(i.e. m/z becomes m/2z), e.g. interference of ^^%a on The presence o f doubly 
charged ions is strongly dependent on the plasma potential and the nebuliser gas flow 
rate [Vaughan and Horlick, 1986; Gray and W illiams, 1987].
2  3.9.2. Non-spectroscopic Interferences or Matrix Effects
Unlike a spectroscopic interference, where the analytical signal is enhanced by another 
element or polyatomic species with the same nominal mass, a non-spectroscopic 
interference is characterised by a reduction or enhancement in analyte signal due to 
factors exerting an influence on sample transport, ionisation in the plasma, ion 
extraction, or ion throughput in the resultant ion beam. Matrix effects in ICP-MS may 
be divided into two basic categories: matrix induced spectral overlap problems and 
matrix induced signal intensity changes. In ICP-MS, these are normally observed when 
the matrix of a sample contains high levels of concomitant elements, and are, therefore, 
often referred to as matrix interferences or effects. Although the interference normally
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manifests itself as a reduction in signal, enhancement has also been observed 
[Beauchemin et a l, 1987; Date 1987; Thompson and Honk, 1987].
A more severe matrix effect is observed in the presence o f matrix elements with 
low ionisation potential. Furthermore^ matrix effects appear to be dependent on the 
absolute concentration of an element in the matrix rather than its relative 
concentration. As a result dilution usually reduces matrix effects.
2.4. Chemicals
Aqua regia acid solutions were prepared by mixing 1 part Aristar 69% HNO3 and 3 
parts AnalaR 72% HCl and diluting to the necessary final concentration with doubly 
distilled, de-ionised water (resistivity 18 MQ cm), both acid reagents were purchased 
from Merck (Poole, Dorset, U.K.). Dissolution was then carried out using AnalaR 
38% HF. Elemental standards were prepared by diluting various volumes of 1000 pg 
ml’  ^ standard solutions, purchased from Merck (Poole, Dorset, U.K.), with doubly 
distilled, de-ionised water. The tellurium solution was prepared from 1000 pg ml'  ^
telluric acid solution and SnCb solution was prepared from a stock o f AnalaR stannous 
chloride, with both chemical compounds being purchased from Merck (Poole Dorset 
U.K.).
2.5. Instrumentation
A Finnigan MAT SOLA ICP-MS instrument (Finnigan MAT Ltd., Hemel Hempstead, 
U.K.) was employed for experimentation throughout this study.
2.5.1. Features of the Finnigan MAT SOLA ICP-M S
2.5.1.1. Torch and Plasma
The system utilises an argon plasma at approximately 8000 K. The sampling depth for 
the instrument was fixed at approximately 14 mm. Apart from this design the operation 
o f the plasma was consistent with that of other instruments.
2.5.1.2. Sample In trodu ction
Sample introduction to the ICP was achieved by employing a peristaltic pump to feed 
the sample solution into a Spetect V-groove nebuliser. The solution was taken up 
using a Gilson Minipuls at a solution rate o f 2 ml mimk The produced aerosol was 
then passed via a stream of argon gas into a Scott double pass spray chamber. From 
here sample droplets of <10pm were introduced into the ICP.
2.5.1.3. The Interface
After desolvation, vaporisation and ionisation, the ions are firstly passed through the 
sampling cone orifice (diameter approximately 1 mm) at ambient pressure 
(approximately 3 mbar), then they pass into the next region o f partial vacuum 
(approximately 10--^  mbar) where they penetrate the skimmer orifice (diameter
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approximately 0.8 mm). The ions are then introduced into the quadrupole mass 
analyser at vacuum (approximately lQ-5 mbar), and are separated according to their 
mass-to-charge ratio by the quadrupole mass spectrometer.
2.5.1.4, Quadrupole Mass Spectrometer
For mass-to-charge discrimination o f ions leaving the ion optical system the instrument 
utilises an off-axis mass spectrometer. Essentially, the ion beam is focused and then 
steered by the ion lenses and as a consequence is deflected from its original path at the 
interface to an off-axis path through the quadrupole mass spectrometer. The off-axis 
mass spectrometer reduces spurious discharge o f photons from the plasma reaching the 
detector. The ions are resolved in the mass spectrometer in accordance with the 
techniques described in section 2.3.7.3.
2.5.2. Instrum ent Perform ance
Prior to the analysis of'real' samples, the instrument must be optimised for maximum 
response to the gold signal. This was achieved by employing synthetic gold standard 
solutions and performing various analytical measurements on the response o f the 
system. Factors such as optimisation of the gold signal, internal standardisation, 
calibration, memory effects and detection limits have to be addressed. Once the 
optimum instrument conditions were identified, the analytical methodologies developed 
were applied to the analysis of gold in plant materials.
2.5.2.1. Mass Calibration
A  synthetic solution containing 100 ng ml'^ Be, In, and Bi was employed for mass 
calibration o f the spectra. The solution was introduced into the ICP-MS and the mass 
calibration procedure program implemented. The signal peaks for ^Be, and 209Bi 
were compared with their respective position on the mass-to-charge scale. Any drift in 
the peak compared with the specific mass-to-charge number was accounted for by 
shifting the peak backwards or forwards to its correct position by utilising the peak-to- 
mass correction software available.
2.5.2.2. Plasma Optimisation
The performance of the interface is dependent on parameters such as plasma power, 
carrier gas flow rate, aperture load-coil separation (sampling depth) and water content 
of the carrier gas flow and aerosol, and are themselves mutually interdependent. The 
aperture-load spacing is related to plasma operating conditions as it is important that 
dissociation and ionisation are as complete as possible before the carrier gas flow 
reaches the aperture. As spacing is reduced or carrier gas flow increased the ion 
response rises as more ground-state ions are extracted. However, this carries an 
increased risk of incomplete dissociation of major matrix species. Studies have been 
carried out varying the size o f the sampling depth and results appear to vary depending 
on the analyte under investigation [Vaughan and Horlick, 1986; Tan and Horlick, 
1987]. In this study the aperture load-coil spacing was fixed at 14 mm.
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2.5.2,3. Optimisation o f  the Ion Signal
A 100 ng mi'i gold solution in 5% AR was prepared and introduced into the ICP-MS. 
The effect o f varying the forward power and nebuliser flow rate on the gold signal 
(^^^Au) was evaluated to determine the optimum operating conditions. The forward 
power being varied between 1.1- 1.5 kW, and for each of these settings the nebuliser 
flow rate was varied between 0.72- 1.12 1 mimk The ion peak intensity for gold was 
corrected for the background signal at mass 198.
A maximum signal is obtained for gold by varying the nebuliser flow rate at 
particular power settings. Based on the results shown in Fig. 2.7, it can be observed 
that there are different local maxima depending on the nebuliser flow rate and the 
power setting o f the ICP. The position o f these maxima shift towards higher nebuliser 
flow rate as the power increases, with the magnitude o f the signal at these points 
appearing to increase as the forward power increases. Furthermore, the variation in 
signal intensity with forward power setting displays a sharp increase in magnitude 
between 1.1 and 1.2 kW. However, the general trend of the curve suggests that, with a 
subsequent increase in forward power, the signal appears to reach a plateau, with very 
little, if any, further increase in signal at the 1.3, 1.4, and 1.5 kW settings. Therefore, 
the forward power setting for optimal signal intensity need not be increased any higher 
than 1.2 kW.
T.ZkW........
1.5x1CP
xxmi..Ü
I .
5 I.CklCP 
8
ë
Icc
0.7 0.8 0 9 1.0 1.1
Nebuliser Fiowrate (l/rrin)
Fig. 2.7- Response of the gold signal as a function of forward power and
nebuliser flow rate.
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As has been suggested in the literature, it can be assumed that there is a zone within 
the central channel of the plasma in which there is a maximum density o f gold ions 
[Vanhaecke et al., 1992, 1993]. An increase in the nebuliser flow rate shifts the zone 
closer to the sampling cone and further away from the load coil. A maximum signal for 
the gold ions is obtained when the tip of the sampling cone is positioned in the centre 
o f this zone. A further increase in the nebuliser flow rate results in the sampling o f ions 
from outside the zone thus registering as a drop in signal.
It was reported by the authors that the heavier the element, the lower the 
optimum nebuliser flow rate [Vanhaecke et al., 1992]. The authors concluded that the 
position of the M+ zone is veiy much dependent on the mass o f the nuclide, e.g. a 
higher nebuliser flow rate was needed to obtain a maximum signal intensity for 
beryllium than for uranium. From theoretical considerations, the zone of maximum M+ 
density for uranium is closer to the sampling cone than the zone o f maximum ion 
density for beryllium.
In agreement with the above mentioned references, the results from this study 
fit the theory that an increase in plasma power pulls the zone of maximum ion density 
towards the load coil. As a result it is necessary to increase the nebuliser flow rate in 
order to obtain an optimal signal. The fact that the magnitude o f the signal for the 
observed optimum increases with increasing power can be explained by the increase in 
plasma temperature at higher power settings.
Based on the observed trend, one can conclude that optimum settings o f the 
instrument would be achieved by selecting the highest power/nebuliser flow rate 
combination. Although such a combination is a rich ground for the formation o f doubly 
charged species, the relatively high second ionisation energy of gold makes such an 
occurrence unlikely. However, since the maximum nebuliser flow rate that could be 
employed under the current settings o f our system was 1.12 1 min"l the optimum 
conditions used for the rest o f the study were a forward power o f 1.2 kW and a 
nebuliser flow rate o f 1.02 1 min"^.
2.5.2.4. Internal Standardisation
Internal standardisation is employed in ICP-MS to compensate for ionisation 
interferences. One study observed that very little suppression (< 10%) occurred on 
^^Co and ^^Ni with the addition o f 0.05M (1100  pg m fi) Na [Thompson and Houk, 
1987]. Thus, the authors demonstrated clearly the use of nickel as an internal standard 
for cobalt (and vice versa). The paper concluded that significant improvements in 
accuracy and precision in ICP-MS were obtained through internal standardisation, 
provided care is taken over the choice o f internal standard. For multi-elemental 
analysis several internal standards can be employed. It has been postulated that the 
selection of multiple internal standards could be facilitated by the use of background 
ions such as i^C or^^Ar2 [Thompson and Houk, 1987].
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2.5.2.4.I. Indium as an Internai Standard
A review of the literature shows that indium has been extensively utilised as an internal 
standard for the analysis of a variety of elements in different materials. Therefore, the 
suitability of indium as an internal standard for gold analysis was investigated. A 5% 
AR solution containing 100 ng mh^ gold and indium was employed to observe the 
behaviour o f the ^^^Au/**^In signal ratios over a time period o f 10 hrs. The same 
approach was then adopted for iridium, platinum, and bismuth. Prior to analysis 
solutions were shaken vigorously to ensure a homogeneous distribution o f elements 
throughout the sample to be investigated.
Changes in the '^^Au/**^In signal ratios during the course of the analysis are 
plotted in Fig. 2.8. It can be observed, that the signal ratio varies
considerably with time. A careful consideration o f the distribution of the data points in 
Fig. 2.8 indicates the presence of a certain trend which is not clearly defined. The 
• '^^Au/^^^In ratios appear to drop steadily over a period of 60- 120 minutes before 
jumping back to a higher level. The reason for such behaviour is not clear and further 
investigations are required to identify it. However, for the purposes of this study, it is 
clear that the use of indium as an internal standard for the analysis o f gold can lead to 
erroneous results and that there is a need to investigate alternative internal standards.
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Fig. 2.8- Variation in the ^^^Au/^^ I^n signal ratio as a function of analysis time. 
2.S.2.4.2. Alternative Internal Standards
Owing to their proximity to gold in mass and ionisation energy, iridium, platinum, and 
bismuth (as the isotopes ^^^Pt, ^^^Pt, ^^^Pt and were tested as potential
internal standards. The variation in signal ratios (with a comparison of the ^^"^Au/^^ I^n 
signal ratio) as a function of analysis time can be seen in Fig 2.9.
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The variation of the signal again displays an erratic response. However the
i97Au/l93ir, l97Au/i94pt, i97Au/i95pt, i97Au/i98pt, and i97Au/209Bi ratios display very
good stability over the analysis period. In deciding which of these isotopes to employ 
for internal standardisation, several factors must be taken into consideration. Firstly, 
the internal standard must have a similar mass-to-charge ratio as the isotope under 
investigation. For the above isotopes iridium and platinum match closely this pre­
requisite. Secondly, the internal standard must also have a similar ionisation potential 
to the isotope under investigation. The ionisation potentials for iridium, platinum, and 
bismuth are 880, 870, and 703.2 kJ m ok\ respectively. These values are in close 
proximity to the ionisation potential for gold (890 kJ mok^). Thirdly, the internal 
standard must be mono-isotopic, or have a high-abundance isotope (i^^Ir has an 
abundance o f 62.7%, platinum has six isotopes, namely 190, 192, 194, 195, 196, and 
198 with abundance’s of 0.01%, 0.79%, 32.9%, 33.8%, 25.3% and 7.2%, respectively; 
bismuth is mono-isotopic at 209). Finally, the internal standard must not be present at a 
high concentration in the matrix under investigation [Thompson and Houk, 1987] Of 
the three elements under scrutiny, iridium is the least naturally abundant element in 
plant materials.
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Fig. 2.9- Stability of ratios as a function of analysis time. [A] ^^7Au/l93[,. (xlO);
[B] i‘->7Au/ii5in (xlOO); [C] i97Au/209Bi (x50); [D] l97A u/l95p t (x20); [E] 
i97Au/i94pt (x20); [F] i97Au/i98pt (x5).
From the above results and discussion it can be seen that is the best choice 
o f internal standard for gold analysis.
2.5.2.5. Linear Dynamic Range
The linear dynamic range is defined as the part o f a calibration curve where the change 
in signal response is directly proportional to the change in the concentration o f the 
element o f interest. The linear dynamic range for most ICP-MS instruments is 
approximately six orders of magnitude. However, the use of a dual detector set up 
(CEM and Faraday cup) can extend the linear range by a further two orders of
8 0
magnitude. The Finnigan MAT SOLA ICP-MS boasts a linear dynamic range covering 
ten orders of magnitude [Finnigan, 1991]
2.5.2.6. CaUhration o f  the Inductively Coupled Plasma Mass Spectrometer
Calibration was achieved by preparing four gold calibration standards made up in two 
acid media, namely 1% and 5% AR. The standards were prepared at concentrations of 
0, 1, 10, 50, 100, 200, 400, and 500 ng ml~i Au and subsequently spiked with 100 ng 
ml-i Ir as internal standardisation for the analyses. The calibration plots, together with 
their respective regression lines, for the two acid media are shown in Figs. 2.10a and b. 
Both plots display excellent linearity over the concentration range with good product- 
moment correlation coefficients (R^) of 0.998 and 0.988 for 1% and 5% AR, 
respectively.
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Fig. 2.10a- Calibration of the gold signal for 1% AR: correlation coefficient 
0.998, gradient of line 0.002 ml ng \  and intercept on y-axis -0.010.
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Fig. 2.10b- Calibration of the gold signal for 5%  AR: correlation coefficient 
0.988, gradient of line 0.001 ml ng \  and intercept on y-axis 0.009.
2,5,2.7, Memory Effects in Inductively Coupled Plasma Mass Spectrometry
In ICP-MS work some elements are prone to memory effects, i.e. signal enhancements 
in a sample resulting from erosion of elements deposited along the sample path during 
nébulisation of a previous sample. The magnitude of memoiy effects are a function of:
(i) the concentration of the elements in the depositing solution, (ii) flushing time 
between samples, and (iii) composition o f the depositing, flushing and affected 
solutions (in terms of both acid and other elements). Studies have reported that gold 
displays significant problems in terms of memory effects [Bakowska et al., 1989; 
Jackson et al., 1990] In the first study the gold memory effect was minimised by the 
incorporation of long periods of flushing between samples with strong mixed acid, and 
by separating samples with low and high concentrations into separate runs analysing in 
order of increasing concentration.
2 .5.2 .7.1. Gold Mem GIT Effects
Gold ions have been observed to adhere to sample containers and glass wear employed 
in the preparation of gold containing samples and standards [Chao et al., 1968]. This 
problem was overcome in this work by cleaning any glass wear used with a 5% AR 
solution before use. An evaluation of possible gold memory effects caused by reverse 
adsorption of the sample solution onto the ICP-MS uptake tubing was then 
undertaken. Initially a 100 ng mk* gold solution was introduced for 10 min. This 
solution was then washed through with either double distilled deionised water, or 1% 
HNO3, until the signal returned to background. In both these cases AR was then 
passed through the tubing and the gold signal monitored. The experiment was carried 
out for varying strengths of AR, namely, 1, 5, and 8%.
82
Following the introduction of a 100 ng ml'! gold solution (signal reading 
approximately 300,000 counts). Fig. 2 .11 shows that a period of 20 min. washing with 
deionised water is necessary for the gold signal to return to background levels 
(approximately 300 counts*). However, on addition o f the AR wash solutions, the gold 
signal increases dramatically (11813 counts for 1% AR; 15693 counts for 5% AR; and 
22613 counts for 8% AR). The AR wash solutions were run through until the gold 
signal was observed to reach background levels, which occurred after 16, 11 , and 6 
min. for the 1, 5, and 8% AR solutions, respectively.
The second experiment was performed by employing 1% HNO3 instead of 
double distilled deionised water. As can be observed in Fig. 2.11, the wash with this 
solution took approximately 16 min. to return the gold signal to background levels. 
Again, on addition o f the AR wash solutions, there was a significant increase in the 
gold signal, with an increase from background levels to 10153 counts for 1%, 15583 
counts for 5%, and 19913 counts for 8% AR.
From these observations it can be concluded that a residual gold signal is still 
present in the system, even after a thorough wash with 1% HNO3 solution. However, 
on addition of the AR wash solutions it appears that the signal returns to background 
levels with no residual gold adhered to the tubing. The most efficient of these AR wash 
solutions is 8% AR, which returns the signal to background levels in the shortest time 
period, thus improving sample throughput.
Following the introduction of 100 ng m fl iridium (signal reading approximately 
700,000 counts), the uptake tubing was washed with double distilled deionised water. 
A period of 20 min. was required for the signal to drop to background levels (signal 
reading approximately 500 counts). In a similar manner to that observed for gold, the 
addition of AR stripped an appreciable amount o f iridium from the tubing. Fig. 2.11 
shows clearly that the use of 8% AR clears the uptake tubing from both gold and 
iridium within the shortest time period.
2.5.2.8. Detection Limits
Detection limit is one of the most widely mistreated terms in sample analysis. This is 
emphasised by the fact that there is very little agreement among workers in specifying 
the relative magnitude of detection limit measurements and the nomenclature attached 
to such units. However, The Analytical Methods Committee has defined the detection 
limit o f an analytical procedure as being the lowest concentration o f the analyte that 
can be distinguished with reasonable confidence from a 'field blank', defined as a 
hypothetical sample containing zero concentration o f analyte [Analytical M ethods 
Committee, 1987]. Instrument detection limits may be used to evaluate the sensitivity 
o f an analytical technique and are generally calculated from the variability o f a 
background signal. Although instrumental random background, mostly arising from 
scattered photons, is usually below 10 counts sec^, it is only at masses above 80 mass- 
to-charge that this becomes the principal source o f the blank level. At lower masses, 
the minor molecular peaks and contamination at the sub ng mk^ level often exceed the
The signal did not fall below ihis level due the high background count intrinsic to the instrument.
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instrumental background signal and determine the blank levels from which the standard 
deviation is calculated.
Generally, in the analysis of samples by ICP-MS, a detection limit is determined 
by repeated analysis (usually ten times) o f a blank solution to estimate the standard 
deviations. In reality these measurements will rarely follow an exact normal (Gaussian) 
distribution. If the data follow a non-normal distribution then the confidence limit, 
defined as,
Xb ± 3 s b
where, Mean background signal for the blank for a gaussian distribution 
Sg= Standard deviation of xg
can fall from 99.74% (normal distribution) to 89% (non-normal distribution). If a 
confidence interval o f 2sg is adopted the value falls from 95.44% (normal distribution) 
to 75% (non-normal distribution). Therefore, a detection limit employing 2sg limits is 
considered not to provide the necessary confidence level at which to report the 
detection limit. Consequently, certain detection limits are quantified [Potts, 1987].
2.5.2.8.1. Lower Limit of Detection Ixim)
Based on a normally distributed population, a signal lying at 3sg above the mean 
background signal Xg has a 98.87% probability o f not belonging to the background 
distribution. Generally, this threshold is accepted as one measure o f detection limit, 
normally referred to as the ‘lower limit o f detection’ and is determined by the 
expression Xg ± 3sg. This threshold value represents the level at which quantitative 
analysis is not possible. Furthermore, this value also represents the limit o f qualitative 
analysis.
2.5.2.8.2. Limit of Determination (xmn)
An important signal is the smallest signal which can be quantitatively measured above 
background. This signal is defined as,
Xfi ± 6sg
and is referred to as the ‘limit of determination’. This signal is the smallest measure 
that can, at the 3sg limit, be analysed with confidence. Furthermore, this signal 
represents the threshold below which the data become more qualitative, thus, the Xlod 
is a direct estimate of the limit of quantitative analysis [Potts, 1987].
2.5.2.8.3. Limit of Q uantitation txmn)
The use of the limit o f determination can in many practical situations give a false 
measure of confidence as to the lowest signal that can be quantitatively measured. 
Therefore, in such circumstances a detection limit referred to as the ‘limit of 
quantitation’, set a level of lOsg above the background distribution, has been defined. 
This value is selected such that additional confidence is ensured in a signal that is
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measured and provides information on the limit o f quantitative analysis. It is 
determined by the expression Xg ± lOsg. As a consequence it has been recommended 
that the limit of quantitation is the most suitable value to employ when legal, 
commercial or statutory implications are dependant on the use of the term detection 
limit [Potts, 1987].
In summary, it can be seen that the term detection limit has no specific meaning 
other than to refer to, in a general sense, the performance o f a technique with regards 
to measuring small signals.
2.5.2.8.4. Gold Detection Limit
A solution o f 100 ng mfi of gold in 5% AR was prepared together with a blank of the 
same acid solution. Using ICP-MS, six separate analyses for each solution were 
recorded, with each of these analyses representing three individual readings.
The various detection limits described above were determined for the gold 
analyses carried out in this study. Detection limits for the Xlld, Xlod and Xloq were 
calculated and found to be 0.23, 0.27, and 0.32 ng m l-\ respectively. In accordance 
with the literature [Potts, 1987], the Xlod was chosen as the relevant detection limit, 
and is consequently reported to be 0.27 ng mk^ for gold analysis performed in this 
study This detection limit is very favourable when compared to detection limits cited in 
the literature for ICP-MS (0.5 ng mpi ) [Hall et a l, 1990]. Although this improved 
detection limit is partially due to the high sensitivity o f the instrument in use, it must be 
noted that detection limits are dependent on other factors such as the instrument set 
up, quality of the blanks, the age (sensitivity) o f the CEM and the status o f the 
sampling cones. One should therefore be very cautious when comparing detection 
limits from different ICP-MS instruments.
2.5.2.8.5. Multi-element Detection Limits
Two multi-element standard solutions containing; (i) 100 ng mk  ^ In, As, Ag, Cd, Pb, 
Cu, and Zn, and (ii) 10 pg ml-^ Mn, Mg, Fe, and Y (internal standard) were prepared 
in 5% aqua regia, together with a blank of the same acid solution. Using ICP-MS, six 
separate analyses for each solution were recorded, with each of these analyses 
representing three individual readings. The detection limits (i.e. Xlod) for the respective 
elements are shown in Table 2.4.
Table 2.4- Detection limits for the isotopes analysed.
Element Detection Element Detection
Isotope Limit (ng ml )^ Isotope Lim it (ng ml )^
107Ag 0.25 24Mg 5
As 6 55Mn 9
iizCd 0.3 208pb 0.4
63CU 3 64Zn 2.7
54pe 16
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2.5.2.9. Precision
Precision is a measure o f the random errors in an analytical procedure. These errors are 
revealed when replicate measurements of a single quantity are made. The standard 
deviation of a set of replicate measurements being the measure o f precision. Essentially 
there are two types o f precision measurements; repeatability and reproducibility. 
Repeatability is defined as the within-batch or within-run precision. Reproducibility is 
defined as the between-run or between-batch precision and is a function of not only the 
random instrument errors but also o f the random errors generated during sample 
preparation. This quantity is considered to be the overall precision o f the sample 
analyses.
Precision is normally expressed as the relative standard deviation o f a replicate 
number o f analyses carried out on a sample. This was determined for the Finnigan 
MAT SOLA ICP-MS by calculating the relative standard deviation o f nine integrations 
o f a multi-element standard (containing Ag, As, Au, Cd, Cu, Fe, In, Ir, Mg, Mn, Pb, Y, 
and Zn at 100 ng mfi prepared in 5% AR) subjected to two separate instrument and 
operating protocols. The results presented in Table 2.5 report the precision for; (i) 
gold and iridium analysed under parameter settings outlined in Table 2.6a, and (ii) As, 
Cd, Cu, Fe, In, Mg, Pb, Y, and Zn analysed under parameter settings outlined in Table 
2 .6b.
All elements display good short term precision (relative standard deviations of 
generally <10%). A large polyatomic interference (ArCl) is observed at the one isotope 
o f arsenic at mass-to-charge ratio 75, although this interference has appeared not to 
affect the precision. However, the precision determined for lead appears to be 
relatively high, this can be accounted for by the fact that the analysis o f the multi­
element standard (i.e. the calibration standard containing Ag, As, Cd, Cu, Fe, In, Mg, 
Mn, Pb, Y, and Zn) was optimised using the internal standards ^^Y and ^^ I^n for 
elements analysed on the Faraday and CEM detector, respectively. It can be seen that 
the isotope employed for Pb analysis (i.e. ^°^Pb) has a much higher mass number than 
both internal standards. Therefore, it can be deduced that because one o f the 
prerequisites for an appropriate internal standard has not been realised (i.e. a similar 
mass-to-charge ratio to the isotope under investigation), this has caused a deleterious 
affect on the precision for the lead signal. However, from Table 2.5 it can be observed 
that the precision for lead analysis is not especially high (approximately 11%) and, 
thus, reliable and reproducible data can be presented for the lead content o f samples. 
The gold signal displays excellent precision (i.e. relative standard deviation o f 1.1%), 
this, in part, is due to the fact that there are no known interferences on the ^^^^u 
signal.
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Table 2.5- Precision of a multi element standard.
Element
Isotope
Relative standard  
deviation (% )
Element
Isotope
Relative standard 
deviation (% )
107Ag 6.3 I93ir 1.3
75 As 4.3 24Mg 6.0
i9?Au 1.1 55Mn 0.5
iizCd 3.6 208pb 11.6
63CU 2.6 89y 2.7
54Fe 1.5 ^Z n 2.5
U5jn 3.0
2.5.2.10. Summary
From the experiments performed using synthetic solutions of gold and other elements, 
certain pre-analysis protocol must be adhered to before reliable analysis of 'real' 
samples can be carried out. Firstly, the standards, and consequently for matrix- 
matching purposes, the samples must be prepared in a 5% AR acid medium. As a 
consequence, to avoid gold memory effects within the system, an 8% AR wash must 
be employed between samples. Secondly, iridium is the most suitable element to 
employ as an internal standard for the analysis of gold, whereas indium and yitrium 
were used as internal standards for the multi-element content o f the samples for the 
multiplier and Faraday detector, respectively. Finally, for optimum ion signal
response a forward power of 1.2 kW and corresponding nebuliser flow rate of 1.02 ml 
min-i is required. These analytical pre-requisites culminate in a detection limit for gold 
of U.27 ng mk'.
In this study it was observed that during the analysis o f plant and soil materials 
for the their gold and multi-elemental composition, the gold peak shape at the 4 Au 
ion exhibited very poor reproducibility over the analysis period, so much so that data 
acquired for this element was impossible to interpret quantitatively. However, it was 
discovered that, for reliable analysis of gold in synthetic and real samples, optimisation 
must be carried out on the ’‘^‘^ Au ion peak instead o f the internal standard, i.e.
This was found to be the antithesis of the multi-element analysis o f the same samples, 
where reliable analyses was achieved when optimisation was carried out on the two 
internal standards, namely, for elements analysed on the Faraday cup and i^^In for 
elements on the channeltron electron multiplier (CEM). Therefore, it was concluded 
that two separate instrument and operating protocols would be necessary to ensure 
reliable and reproducible data for the gold and multi-element content o f the samples.
Essentially, the various instrument and operating conditions can be summarised 
in Tables 2.6a and b for the analysis of gold and multi-elements, respectively.
Table 2.6a- Instrument and operating conditions for gold analysis.
Incident Power: 1.2 kW 
Cooling gas flow: 15 1 miir* 
Spray chamber temp: 1.9 °C
Resolution: 35 
X deflection: 5.32 
Match: 6.33 
Interspace: 9.08
Vacuum stage 1: 2.5 torr
Optimisation: Multiplier
Reflected Power: <5W 
Intermediate gas flow: 0.4 1 min"* 
Cooling water temp: 15 °C
Y steer: 6.69 
Extraction: 2.71 
Pole bias: 5.05 
Discriminator: 0.74
Vacuum stage 2: 4x10^ torr
Run Procedure:
Isotope: '
Concentration: 100 ng ml"* 
Signal: 300,000 counts sec"*
Nebuliser pressure: 3.9 bar 
Nebuliser gas flow: 1.02 1 min"* 
Pump speed: 20 rpm
Y deflection: 4.30 
Focus: 10.00 
Filter: 6.40
Multiplier voltage: 6.00
Vacuum stage 3: 2.2xl0"5 torr
Multiplier
Dwell time: 64 ms 
Passes: 16 
Scans: 3
Channels per amu: 16
Table 2.6b- Instrument and operating conditions for multi element analysis.
Incident Power: 1.5 kW 
Cooling gas flow: 15 1 min"* 
Spray chamber temp: 1.9 °C
Resolution: 40 
X deflection: 5.20 
Match: 5.52 
Interspace: 5.64
Vacuum stage 1: 2.6 torr
Optimisation: Multiplier
Reflected Power: <5W 
Intemiediate gas flow: 1 1 min"* 
Cooling water temp: 15 °C
Y steer: 6.25 
Extraction: 2.76 
Pole bias: 9.60 
Discriminator: 0.74
Vacuum stage 2: 4x 10"3 torr
Faraday
Nebuliser pressure: 4 bar 
Nebuliser gas flow: 1.02 1 min"* 
Pump speed: 20 rpm
Y deflection: 4.15 
Focus 5.75 
Filter: 5.90
Multiplier voltage: 6.00 
Vaeuum stage 3: 3.4xl0"5 torr
Isotope: **-In 
Concentration: 100 ng ml"* 
Signal: 700,000 eounts see"*
Run Procedure: Multiplier
Dwell time: 16 ms 
Passes: 16 
Scans: 3
Channels per amu: 16
Isotope: ^^Y
Concentration: 2 pg ml"* 
Signal: 8 x 10^ eounts sec"*
Faraday
Dwell time: 64 ms 
Passes: 16 
Scans: 3
Channels per amu: 8
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2.6. Digestion Protocol for Analysis o f Gold in Plant M aterials
2 .6 .1. C riteria for Sample Dissolution
The elemental analysis of gold in plant materials by nébulisation inductively coupled 
plasma mass spectrometry (NEB-ICP-MS) requires the sample to be converted from 
its vegetative state to that of a solution. This is achieved by 'digesting' the plant 
material. The most desirable features of a digestion process are:
(a) it should be capable o f dissolving the sample completely, i.e. no 
insoluble residues should be left behind;
(b) it should be reasonably quick in action;
(c) if aggressive reagents are employed, they should not interfere in 
any subsequent analysis, or alternatively, it should be possible to 
remove them from the sample;
(d) the reagents used should be available in a high state o f purity so 
as not to contaminate the sample;
(e) losses through volatility, formation o f dust and spray, adsorption 
onto or absorption into the walls of the vessel should be 
negligible;
( 0  neither the reagents nor the sample should attack the vessel in 
which dissolution is being carried out;
(g) the procedure should be safe.
For the analysis o f gold in plant materials, points (a), (c), (e), and (g) above are 
the most important.
2 .6 .2 . Direct Dilution in W ater or O ther Aqueous M edium
The simplest way o f obtaining a solution is to dissolve a sample in water or another 
solvent. The solvent is normally available in a high state o f purity, the losses o f analytes 
is minimal, attack of the vessel will not occur, and the operation will be quite safe. 
Unfortunately, this procedure works only on a very limited type o f sample, e.g. simple 
salts and electrolytes. Most samples require some form of chemical digestion.
Dissolution is usually carried out by oxidising the sample, such that the organic 
content is driven off. This may involve the conversion of carbon into CO2, hydrogen 
into H2O, or nitrogen into N2 or oxides of nitrogen. The other elements are then left in 
simple inorganic forms suitable for analysis. A number of common mineral acids can be 
employed for this purpose.
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2.6.2.1. Hydrochloric Acid
Concentrated hydrochloric acid is about 12 M in HCl. Hydrochloric acid behaves as a 
strong acid but shows no oxidising properties other than those associated with the H+ 
ion. The Cl* ion, however, forms fairly strong complexes with many metal ions, 
especially Au3+, T P \  and Hg2+, and, to a lesser extent, Fe3+, Ga3+, In3+, and Sn^+ 
among others. Hydrochloric acid is useful for dissolving many of the more 
electropositive metals (gold is the most electropositive of all the metals with a standard 
potential o f +1.50V) and their oxides and hydroxides.
2.6.2.2. Nitric Acid
Ordinary concentrated nitric acid is about 65- 69% HNO3; is a strong acid and also a 
strong oxidising agent. It will oxidise all metals except the noble metals, but rather 
fewer can be dissolved because a number o f elements such as Al, CT, Ti, Nb, and Ta 
become passive in the presence of the acid.
2.6.2.3. Hydrofluoric Acid
Hydrogen fluoride forms an azeotropic mixture with water containing 36% HF. It is a 
weak, non-oxidising acid. However, the F* ion is the most powerful complexing anion 
of the acids. The main use of hydrofluoric acid is for dissolving silicate-containing 
materials. Silicon is lost from the matrix as volatile SiF^, but the rest of the matrix is 
brought into solution. Hydrofluoric acid finds extensive use, either on its own or as an 
adjunct to other acids, in the dissolution o f samples containing refractory elements, 
especially silicates, when silicon is not the subject o f the analysis.
2.6.3. Mixing Acids
When employing actual procedures for dissolving inorganic samples by using hot 
concentrated mineral acids, it is often found that rather than just a single acid, a 
mixture o f two or three acids is used. On occasions a sample is treated with one acid 
or mixture, then 'fumed to dryness' and treated with another acid or mixture. There are 
many reasons for employing mixtures of acids.
2.6.3.1. A Complexing Acid and an Oxidising Acid 
Some examples are,
HF + HNO3, HF + HCIO4, HF + H2SO4
Here the HF provides the complexing anion and the other acids the oxidising 
power.
2.6.3.2. Two Acids Reacting to Form Reactive Products 
One example is,
3 parts HCl to 1 p art HNO3
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This mixture is known as aqua regia. When the acids are mixed, the mixture turns 
gradually yellow and chlorine is given off. The HNO3 oxidising the HCl to give 
various reactive oxidation products such as chlorine and nitrosyl chloride. Both 
chlorine and nitrosyl chloride are very powerful oxidising agent and this, together with 
the complexing power o f the Cl' ion, which forms the complex ion AuCU* with Au^’*' 
ions, means that a sufficiently powerful system to dissolve the noble metals exists. This 
combination of acids is necessary due to the resistance o f gold to oxidation (a general 
feature o f the d-block elements o f the periodic table to which gold belongs). Gold is 
not susceptible to oxidation by hydrogen ions under normal conditions (i.e. gold lies 
above hydrogen in the electrochemical series). The most common oxidation number of 
gold in its compounds is +3. Gold(I) compounds are also known, but in aqueous 
solutions they tend to disproportionate into metallic gold and gold(III) unless they are 
stabilised by complex formation. Stabilisation is achieved by complex ion formation of 
C r ions into AuClT ions, this accounts for the ability o f air to oxidise gold(I) if cyanide 
ions are present. The overall reaction of AR on gold is thus.
Au + 4H^ + NO3 + 4Cl AuCL + NO + 2H 2O
The active species are thought to be CI2 and NOCl, which are generated in the 
reaction,
3HCI + HNO3 ^  CI2 + NOCl + 2H 2O
The formation of complex ions removes Au^ *^  ions from the solution, the nitric 
acid oxidises more gold metal until it has all disappeared.
The direct decomposition o f complex sulphide ores with AR without 
preliminary heating is incomplete because this mixture will not oxidise the sulphide to 
sulphate and the free sulphur then separates, collects the gold and limits acid attack on 
the metal. Hence heating the samples is necessary before acid treatment [Trancoso 
and Barros, 1989].
A study carried out on the gold content of geological materials observed that, 
when the analysis of soil samples was performed, complete recovery on 1 g samples 
was only accomplished with an HF-AR mix [Peiqing, 1992]. However, it was noted 
that AR alone was relatively effective (75-100%) at this sample mass. Furthermore, it 
was observed that the HF-AR pre-treatment was inefficient in increasing the amount o f 
gold leached at a sample mass of 10 g. Therefore, an optimal sample mass o f 1 g was 
suggested.
2.6.4. Dry Ashing
This is perhaps the commonest technique for ashing organic or biological materials, i.e. 
for burning off the organic content of the sample leaving the inorganic residue as an 
ash for further analysis. The procedures are very simple. Usually, the sample is placed 
in a crucible (quartz, porcelain, etc.) and heated for a fixed length o f time and 
temperature in a muffle furnace until all the organic material has burnt off and one is 
left with an involatile inorganic residue. The oxygen in the atmosphere acts as an
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oxidising agent and the ash residue consists of oxides o f metals as well as involatile 
sulphates, phosphates, silicates, etc.
The main advantages o f this technique are its simplicity and its freedom from 
contamination since no other reagents are involved. However, several obvious 
drawbacks are also associated with dry ashing, namely:
(a) elements that can be converted into a volatile form are wholly or 
partially lost. This is particularly true for non-metals which are 
readily oxidised to volatile products. This is more severe the 
higher the temperature used for ashing;
(b) sometimes an element is more prone to loss by volatilisation if 
certain other species are present in the matrix. Chloride ions 
(e.g. from salt which is present in great quantity in plant 
materials) can react with metals to produce volatile chlorides.
Gold has been reported to be lost if the ashing temperature 
exceeds 300° C, if the gold is found to be present as a complex 
with cyanide (i.e. AuCN), where this compound is volatile above 
this threshold temperature [Girling and Peterson, 1980];
(c) possible reactions between the samples and the crucibles, e.g. if 
the crucibles are made of porcelain or silica, reactions such as 
fusion may occur and analytes can be absorbed into the crucible 
walls;
(d) the difference in the temperature within the digestion vessel, 
could lead to incomplete ashing o f the sample. This will result in 
small amounts of carbon residues which may not readily dissolve 
in a mineral acid.
2.6.5. W et Ashing
Wet ashing involves heating the sample in the presence of a concentrated oxidising 
mineral acid or a mixture o f acids. If  the acids are sufficiently oxidising, if the sample is 
heated strongly enough, and if the heating is continued for a sufficient length o f time, 
then it should be possible to oxidise most samples completely. The end result should be 
to leave the various elements present in the acid solution in simple inorganic forms 
suitable for analysis.
2 .6 .6 . Analysis of Gold in Plant M aterials
Initially, potential digestion procedures for the analysis o f gold in plant materials were 
investigated. Essentially such procedures consist o f an ashing and a dissolution stage. 
Two methods of dissolution were tested for their recovery and reproducibility.
A bulk plant material was prepared by making a composite sample of several 
bryophyte species, crushing them and homogenising the mixture using a commercial 
food processor. The material was then placed in a drying oven (Gallenkamp, England)
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at 60° C for 2 days and dried to constant weight. Ten gram aliquots o f this bulk 
material were removed and dry ashed at 2 0 0° C for 2  hrs. in a muffle furnace 
(Gallenkamp, England). The temperature in the muffle furnace was then raised to 450° 
C and held at this level for a period o f 24 hrs. The ashed aliquots (approximately Ig in 
weight) were then homogenised, weighed and subjected to one of the two wet 
digestion procedures.
2.6.6.1. Wet Digestion Procedure 1
(1) To the ashed material, 15ml o f aqua regia and 5ml o f 48% HF were 
added, and the resulting solution heated at 2 0 0 ° C to incipient dryness.
(2) Ten ml of aqua regia were added and the solution heated for 1 hr. at 80°
C. The samples were centrifuged (at 4500 rpm for 5 min.), the 
supernatant decanted and evaporated to incipient dryness, and the 
remaining sample discarded.
(3) Five ml of concentrated (12M) HCl were then added, the contents 
warmed, and 45ml of water added.
(4) Five ml of Te solution (prepared by dissolving 1ml of 1000 pg mb' Te 
standard solution in 10ml of 1.2M HCl) and 5ml o f SnCl2 solution 
(prepared by weighing 20g SnCl2*2H2 0 , adding 17ml o f 12M HCl and 
diluting to 100ml with water) were added. The contents were heated to 
near boiling.
(5) A further 2ml of SnCl2 solution was added to ensure complete reduction 
and the solution heated for 20  min.
(6 ) The sample was filtered through a 0.45-pm type HAWP filter paper 
(Millipore (U.K.) Ltd., Watford, England), washing with IM HCl.
P )  The f  Iter piper and precipitate were placed in a gla« beaker and 5ml of 
aqua regia added. The contents were evaporated to approximately 0.75ml 
and diluted to 10ml with a solution which was 0 .2% in HNO3 and 0 02% in 
HCl.
Subsequent analysis was carried out by NEB-ICP-MS (see Fig. 2 . 12).
2.6.6.2. Wet Digestion Procedure 2
(1) To the ashed material, 15ml o f aqua regia and 5ml of 48% HF were 
added, and the contents evaporated to incipient dryness.
(2) Ten ml of 5% aqua regia were then added, the samples centrifuged (at 
4500 rpm for 5 min.) and the supernatant decanted and the remaining 
sample discarded.
(3) From each sample 1ml o f the solution was pipetted and diluted to 10ml 
with 5% AR.
Subsequent analysis was carried out by NEB-ICP-MS (see Fig. 2 . 12).
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Procedure 1 Procedure 2
l.Og ash
i
15ml AR + 5ml HF
l.Og ash
15ml AR +  5ml HF
evaporate to incipient dryness
10ml AR
evaporate to dryness
10ml 5% AR
heat for 1 hr.
Centrifuge 5 min. 
at 4500 rpm.
Centrifuge 5 min. 
at 4500 rpm.
Decant supernatant
4
Decant supernatant
evaporate the supernatant
5ml 12MHC1 to dryness
4
4 warm
j Pipette 1 ml of supernantant 
land dilute to 10ml with 5% AR
45ml HoO 4
4 Analyse by ICP-MS
5m lT e sol. + 5ml SnCF soln.
4 heat to near boiling
12inl SnCF soln.
4 heat for 20  min.
Filter (0.45 /xm paper)
4
To precipitate and filter 
paper add 5ml AR
4
Dilute to 10ml with soln.
(0.2% HNO; +  0.02% HCn
Analyse by ICP-MS
evaporate to ~0.75m!
AR = A q m  regia 
H F= hydrofluoric acid
Fig. 2.12- Flow diagrams of two wet dissolution procedures.
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In both procedures the beaker was initially transferred to a hot plate and the contents 
evaporated to near dryness. Caution was exercised at this point not to allow the 
contents o f the beaker to evaporate to dryness, since a portion o f the gold chloride 
may volatilise under the high heat obtained after the temperature stabilising effect of 
evaporation ceases. Equally detrimental is that baking conditions may drive off 
chlorine. Chlorine as chloride must be present in excess in order to facilitate the 
presence o f gold as soluble gold chloride. Thermal dissociation o f the gold chloride 
complexes is also a possibility at dryness during inadvertent baking. Any contents that 
were baked cannot be used in the context o f meaningful comparisons between 
solutions, and should be discarded [Perry and Van Loon, 1991]. Furthermore, the 
sample dissolution procedure employed for gold analysis in the aforementioned study 
exhibited similarities to the methodology adopted for procedure 1.
2.6.6.3. Recovery and ReprodiicihiUty
Recovery and reproducibility tests were carried out on the two procedures by spiking a 
piece o f filter paper (approximately 0.008g weight) with 10 pi o f 10 pg mk* gold 
solution and adding this to the dry material prior to ashing. Ten aliquots were prepared 
for each procedure and analysed.
Procedures 1 and 2 were assessed in terms o f their reproducibility (see Fig. 
2.13) and recovery (see Table 2 .7).
Table 2.7- Recovery of a 100 ng m H gold spike by the two wet digestion 
procedures.
Wet Digestion Recover)
Procedure (% )':
1 6 6 ± 17
2 102 ± 4
*Mean ± standard deviation [n=10]
The lower recovery and poor reproducibility o f wet digestion procedure 1 
indicates that gold present in the material has been lost during the pre-analysis stage. 
This may be due to the fact that this procedure has many stages where gold may be 
lost from the sample, notably taking the sample to incipient dryness repeatedly, with 
subsequent transfer between containers. However, in contrast, wet digestion procedure 
2  displays excellent recovery and reproducibility and is far less complex that the first 
procedure. It has been reported in the literature that gold can be lost in the matrix at 
ashing temperatures greater than 300° C, where the gold is bound in the matrix as the 
volatile AuCN, which volatilises above this temperature. Studies carried on shoot 
material of Phacelia sericea have demonstrated that at an ashing temperature o f 550° 
C 90% of gold is lost from the matrix [Girling et al., 1979]. However, it can be 
observed that the excellent recovery obtained for the second wet digestion procedure 
shows that the gold is not present in the matrix as AuCN, but bound in some other
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complex which is not volatile at 450° C (possibly AuCl2 or Au2Clg). Therefore, this 
procedure was adopted for all further analysis o f gold in plant material.
The samples were spiked with an internal standard before gold analysis was 
performed, the internal standard being iridium at a concentration (after final dilution) 
o f 100 ng ml-*, with analysis carried out using the *^ 3%r pg^k.
W et D igestion  P rocedure 1
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Fig. 2.13- Reproducibility of the two wet digestion procedures.
2.6.6.4. Investigations into Matrix Interferences fo r  Gold Analysis
As discussed earlier (section 2.3.9.1.), matrix effects or non-spectroscopic 
interferences are those which arise from the sample matrix itself. Essentially the main 
technique for investigating matrix effects is the method of standard additions.
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However, this analytical procedure cannot identify the source o f the interference, only 
that one does or does not exist.
Six 0.05g aliquots o f bulk ashed sample material were prepared and spiked 
with known concentrations o f gold solution (0 to 100 ng mk^ Au). The sample 
protocol adopted is shown in Table 2.8.
Table 2.8- Sample preparation protocol for the method of standard additions.
Sample (0.05g) Preparation
A No added gold
B Spike with lOpl o f 20 pg mk^ Au
C Spike with 1 Dpi o f 40 pg mk^ Au
D Spike with lOpl o f 60 pg mk  ^ Au
E Spike with lOpl o f 80 pg mk^ Au
F Spike with lOpl o f 100 pg mk^Au
The samples were subjected to the chosen dissolution procedure (i.e. wet 
digestion procedure 2). Before the final dilution was carried out a 1 ml spike o f 5 pg 
ml  ^ iridium was introduced to each sample. Also a series of calibration standards at 0 
(blank solution), 20, 40 60, 80, and 100 ng m fi gold (spiked with 100 ng m fi iridium) 
were analysed.
Fig. 2.14a shows the normal calibration and regression curve over the 
concentration range 0 (blank) to 100 ng m fl gold. Fig. 2.15b shows the standard 
addition cahbiauun cuivc over the added analyte range, i.e. 0 to lOU ng ml*^  gold. 
Extrapolating back to the point on the x-axis at which the analyte signal is equal to 
zero provides a negative point on the axis which corresponds to the amount o f analyte 
present in the unspiked sample. This intercept value corresponds to the amount of 
analyte present in the test sample. Therefore, a comparison of the interpolated value 
with the actual value will determine whether or not an interference on the signal exists.
0.6
3  0.4
-  0.2
0 20 40 60 80 100
Gold concentration (ng/ml)
Fig. 2.14a- Normal calibration cui*ve; correlation coefficient 0.977, gradient of 
ciiiwe 0.007 ml ng \  and intercept on y-axis 0.008.
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Fig. 2.14b- S tandard addition calibration cui-ve: correlation coefTicient 0.894, 
gradient of cui*ve 0.007 nil ng \  and intercept on y-axis 0.052.
The calculated gradients for the regression lines of the curves shown in Fig. 
2.14a and 2.14b and were found to be identical (i.e. both 0.007 ml ng'^) to three 
decimal places. Therefore, by the application o f the method of standard additions it can 
be deduced that there is no matrix interference on the ^ '^^Au signal from the digestion 
procedure employed in this study.
Furthermore, another experiment was performed to investigate possible 
interferences on the gold signal from other analytes present in the sample. After 
inspection of the literature a range of the normal elemental concentrations in plant 
materials was gauged fSliacklette, 1983; Pendias and K abata-Pendias, 1984] From 
this a synthetic solution was prepared containing possible interfering elements at levels 
found naturally in plants. Furthermore, due to the nature of bryophytes, the effect o f 
high chloride concentrations (100 and 500 pg m fi Cl) was also investigated. 
Therefore, to a 100 ng mb I Au solution the following analytes were added (see Table 
2.9),
Table 2.9- Effect of normal levels of elements in bryophytes on the gold signal.
Element Added Level (pg ml’i) Element Added Level (pg ml"i)
Al 5 Mg 50
Ca 50 Mn 3
Cl 100 Na 50
Cl 500 Ni 0.5
Cu 100* Pb 0.5
Fe 50 Si 50
K 50 Zn 1
Level quoted in ng mb^
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To each solution a 100 ng mh^ Ir spike was introduced as an internal standard, with 
each sample prepared in replicates o f eight. Fig. 2.15 shows the variation of the 
signal as a function o f the element added to the sample. The 0.17 mark is 
the signal ratio for a sample with no added elements, the ±2 and ±3 standard deviation 
lines indicate the degree of confidence in which there is no significant interference on 
the ^^^Au/^^^Ir ratio, and hence the gold signal.
As can be observed in Fig. 2.15, the distribution of the calculated geometric 
mean (points in Fig. 2.15) and standard deviation (error bars in Fig. 2.15) for each 
sample signal indicates that there exists a positive bias on the results obtained, tending 
towards an enhancement o f the gold signal. Furthermore, the signal ratio
for the sample spiked with silicon appears to outside the +3std mark. At first this 
observations posed a real problem for the analysis of gold by ICP-MS. However, on 
further investigation it can be seen that, this anomaly does not pose an analytical 
problem. The sample employed to observe any interference of the silicon level on the 
gold signal was a synthetic solution spiked with silicon and gold. However, when real 
samples will be analysed, the silicon content of the samples will be lost through 
volatilisation as SiF^, after the addition and subsequent evaporation o f HF during the 
wet digestion procedure. Therefore, silicon does not pose a problem as a potential 
interfèrent in the analysis of gold by ICP-MS. In conclusion, it can be deduced from 
this experiment that there does not appear to be any significant matrix effect on the 
gold signal due to the presence of the other elements in solution, within the confidence 
intervals specified in Fig. 2.16.
0.21
0.2 +3std
^  0.19 +2std
% 0.18 
S  0.17
0.16
ON
0.15 -2std
0.14 -3std
0.13
Added Element [n=8]
: Cl concentration o f 100 ng mk  ^
*: Cl concentration o f 500 ng mk*
Fig. 2.15- Investigations into non-spectral interferences on the gold signal.
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2.6.6.5. Quality Control Assurance
Quality control assurance is employed by the analyst to validate or substantiate the 
findings of his work. The most widely used technique to ensure that quality control 
assurance is achieved is by the analysis of standard reference materials (SRMs). The 
term reference materials is used to describe a generic class o f well-characterised, 
stable, homogeneous materials, produced in quantity and having one or more physical 
or chemical properties experimentally determined within stated measurement 
uncertainties. Reference materials are certified using the most accurate and reliable 
measurement techniques available consistent with end-use requirements [Uriano and 
G ravatt, 1977].
2.6.6.5.I. S tandard Reference M aterials
Four certified standard reference materials, namely. National Institute o f Standards and 
Technology (NIST) 1571 Orchard Leaves, 1572 Citrus Leaves, 1573 Tomato Leaves 
and 1575 Pine Needles, were employed for quality control assurance for the analysis 
protocol carried out on plant materials. An International Atomic Energy Agency 
(IAEA) Soil-7 SRM was employed for quality control assurance o f soil materials 
analysed in this study.
The reference materials were subjected to the identical sample preparation as 
that adopted for the actual samples, however, owing to the cost and quantity of 
reference materials available in the laboratory 250 mg of each material were accurately 
weighed out and diluted to a final volume such that the percentage o f dissolved solids 
in the solution remained below 0.5%. Therefore, the samples were diluted to a volume 
of 50 ml. However, before the reference materials were weighed they were placed in a 
drying oven at 60° C for approximately 12 hours in order to maintain a constant dry 
weight. The solutions were spiked before final dilution with internal standards (i.e. 100 
ng ml-i In and Ir for elemental analysis carried out on the multiplier, and 2 pg m fi Y 
for analysis on the Faraday detector), and analysed on the ICP-MS at the end o f the 
analysis period. The results can be seen in Tables 2.10a,b,c, and d for the analysis of 
plant material SRMs. Table 2.11 shows the results for quality control assurance o f soil 
material.
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Table 2.10a- Quality control assurance employing NIST 1571 Orchard Leaves.
Concentrations jug g-^ dry wt. [n=8]
Element Experimental NIST Certified
Value Value
Ag 0.34 ±0.03* 0.01-0.62
As 6.5 ±2.1 10 ± 2
Au 0.005 ±0.001 0.0008- 0.0035+
Cd 0.09 ±0.01 0.11 ±0.02
Cu 14± 3 12± 1
Fe 477 ±41 300 ± 2 0
Mg 5846 ± 44 6200 ± 200
Mn 87.5 ±6.5 91 ± 4
Pb 30.50 ±6.50 45 ± 3
Zn 30.5 ±4.5 25 ± 3
Table 2.10b- Quality control assurance employing NISI
Concentrations pg g-i dry wt. fn=8]
Element Experimental NIST Certified
Value Value
Ag 0.14 ±0.03
As 5.5 ±1 .9 3.1
Au 0 01 ±0,01 -
Cd 0.07 ± 0.03 0.03
Cu 10.46 ±3.25 16.5
Fe 202.5 ±27.5 90
Mg 5288 ± 73 5800
Mn 26.5 ±1.5 23
Pb 7.85 ± 1.15 13.3
Zn 39.75 ± 6.25 29
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Table 2.10c- Quality control assurance employing NIST 1573 Tomato Leaves.
Concentrations in pg g i dry wt. [n=8]
Element Experim ental NIST Certified
Value Value
Ag 1.41 ±0.40
As 0.33 ±0.12 0.27
Au 0.01 ±0.01 -
Cd 2.65 ±0.25 (3)
Cu 17.5 ±4.5 11
Fe 961 ± 94 690
Mg 6121 ±229 (7000)
Mn 237 ± 19 238
Pb 3.10± 1.21 6.3
Zn 71.5 ±7.5 62
Table 2.10d- Quality control assurance employing NISI
Concentrations in pg g"^ dry  wt. [n=8]
Element Experimental NIST Certified
Value Value
Ag 0.17 ±0.06
As 0.39±0.14 0.21
Au 0.01 ±0.01 -
Cd 0.44 ± 0.05 (<0.5)
Cu 5.75 ±0.25 3.0
Fe 398 ±38 200
Mg 2064± 106 -
Mn 599 ± 22 675
Pb 6.93 ± 0.07 10.8
Zn 0.23 ±0.08 -
*: Mean ± standard deviation [n=8]
+: Range instead of mean o f values published 
-: Data not published 
( ): Non-certified values
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Table 2.11- Quality control assurance employing IAEA Soil-7.
Concentrations in pg g-l dry wt. [n=5]
Element Experimental
Value
IAEA Certified 
Value
Ag 0.009 ±0.01*
As 10.8±3.1 13.4
Au 0.001 ±0.004 -
Cd 1.1 ±0.09 (1.3)
Cu 9.3 ±2.3 11
Fe 32547 ±4587 (25700)
Mg 9954 ±2540 ■ (11300)
Mn 581 ±43 631
Pb 54 ± 9 60
Zn 91 ± 14 104
*: Mean ± standard deviation [n=5]
-: Data not published 
( ); Non-certified values
Table 2.12 shows a comparison o f the data for the multi-elemental content 
presented in this study with the NIST published values and a study carried out on 
NIST 1571 Orchard Leaves [Gladney, 1980].
Table 2.12- Comparison of values presented in this study with certified values 
and data from one other studies for NIST 1571 O rchard  Leaves.
Element
Concentrations (pg g ^ dry wt.)
This Study Gladney, 1980 NIST Certified
Ag 0.34 ±0.03* 0.41 ±0.04 0.013- 0.620
As 6.5 ±2.1 11.5±2.1 1 0 ± 2
Au 0.005 ±0.001 0.002 ±0.001 0.0008- 0.0035
Cd 0.09 ±0.01 0.12 ±0.03 0.11 ±0 .02
Cu 14 ± 3 11.7± 1.4 12 ± 1
Fe 477 ±41 280 ± 5 0 300 ± 2 0
Mg 5846 ± 44 6070 ± 580 6200 ± 200
Mn 87.5 ±6.5 89 ± 5 91 ± 4
Pb 30.50 ±6.50 46 ± 4 45 ± 3
Zn 30.5 ±4.5 25 ± 3 25 ± 3
*: Mean ± standard deviation
The experimental value for arsenic is higher than the certified literature value 
and displays poor precision, this can be accounted for by the fact that there is only one 
isotope of arsenic, i.e. ^^As, and it suffers from a large polyatomic interference from 
40Ar35cl, thus enhancing the signal. Furthermore, the poor precision for this value may
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be indicative of an instability in the signal produced by the interfering ployatomic. 
However, this problem, to a large extent, is overcome by using blank subtraction. The 
manganese value for Orchard Leaves is in very good agreement with the certified 
literature value, however, the same cannot be said for Tomato Leaves. Also, it is worth 
noting that the experimental value for gold lies in the mid range o f the lower and upper 
limits quoted in the literature for Orchard Leaves. One study employing ETV-AAS 
noted a range of values for gold in Orchard Leaves o f 4.0 to 4.5 ± 1 ng g-i [Brooks 
and Naidii, 1985]. Another study carried out on the analysis o f gold in vegetation 
which utilised Orchard Leaves as a form of quality assurance reported levels o f 1.8 ± 1 
ng g-  ^ [Gladney, 1980]. Furthermore, a study carried out on the gold content of the 
same reference material reported a gold level o f 1.0 ng g-i [Nadkami and M orrison, 
1978]. However, owing to the lack o f data available for gold for the other reference 
materials ‘in-house’ reference materials were prepared.
2.6.6.5.2. In-house Quality Control Assurance
Two 'in-house' reference materials were prepared by spiking a piece of filter paper 
(<0.0Ig weight) with (i) 100 pi of 100 pg ml'l gold solution, and (ii) 100 pi o f 1000 
pg ml-i gold solution, and then adding these to 250 mg of dry material prior to ashing. 
Both samples were prepared in 5% AR and made up to 200 ml in volume to meet the 
requirements of the dissolved solids content o f the solution for ICP-MS analysis. 
Therefore, the expected levels of gold in the two in-house reference materials were 50 
and 500 ng g-i, respectively. The solutions were run at the end of each analysis to 
acquire data on the level of gold in the matrices*. Table 2.13 shows the results for the 
analysis of the 'in-house' gold reference material.
From Table 2.13 it can be observed that the experimental values show good 
agreement with the expected results. Furthermore, matrix 2 displays very good 
precision (i.e. 9.8%). However, as observed with the SRMs, the results appear 
somewhat higher than the expected values, this may reflect the fact that the analysis of 
these samples occurred when the ICP-MS system had been running for many hours, 
consequently wash out between samples may not be as efficient as reported in the 
earlier experiments owing to the longer analyses time passed before the in-house 
reference samples were analysed. This situation may produce gold memory effects 
within the system not observed after 40 mins.^^in to the analysis. Possible blockage of 
the injector or sampler and skimmer cones and systematic errors in the preparation of 
the gold standards may also affect the precision of the analyses. However, the 
analyses of these 'in-house' reference materials further demonstrates the satisfactory 
recovery and reproducibility of the chosen digestion procedure.
Data pertaining to eleven separate analyses for the 'in-house' reference material were acquired and 
interpreted.
'kPhis was the period of time the washout experiment (section 2.5.2.7.1.) was performed over, 
therefore, after this analysis period gold memeoiy effects may become a problem.
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Table 2.13- In-house quality control assurance.
Concentrations in ng g i dry wt. [n= ll]
M atrix Experimental Expected
value value
1 60 ± 12* 50
2 532±41 500
*: Mean ± standard deviation [n=l 1]
2.7. Summary
From the experiments carried out on bulk plant material, a sample preparation protocol 
has been developed for the analysis o f gold in plant materials. The particular digestion 
procedure chosen displays very good precision and accuracy (102 ± 4 %). 
Observations have shown that the methodology adopted for sample preparation 
displays no appreciable matrix or non-spectroscopic interferences on the gold signal.
Finally, quality control assurance was employed by the analysis o f standard 
reference materials, namely, NIST 1571 Orchard Leaves, 1572 Citrus Leaves, 1573 
Tomato Leaves, 1575 Pine Needles and lEAE Soil-7, and a manufactured 'in-house' 
reference material. Data on gold levels was only available for Orchard Leaves as a 
range. The experimental value obtained appeared to lie within the mid-range o f the 
published data. The data reported in this study for gold in Orchard Leaves showed 
very good agreement with gold levels for the same SRM reported in a study conducted 
on the gold content of vegetation by ETV-AAS [Brooks and Naidu, 1985] 
Furthermore, the 'in-house' reference material displayed good agreement with the 
expected values. The sample preparation protocol can now be implemented for the 
gold and multi-element content o f samples from the 'field'.
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CHAPTER in
Uptake of Gold by Bryophytes Under Experimental 
Conditions
3.1. Rationale
Plants accumulate in their tissue, all the macro- and micro-elements essential for plant 
growth and reproduction, namely, nitrogen, phosphorus, potassium, iron, copper, etc., 
as well as elements for which no definite metabolic role has been established, such as 
chromium, nickel, arsenic, tin, and o f particular interest in this study, gold. Therefore, 
under this definition gold can be classified as a 'ballast' element in plants.
The methodologies developed in CH APTER II for the analysis of the gold and 
multi-element content o f plant materials were employed to investigate the uptake of 
gold by bryophyte species under experimental conditions. To investigate the uptake of 
gold by bryophytes in-vitro, a number o f species were placed in solutions containing 
gold and associated elements at various concentrations. The competitive uptake 
between the elements, namely, Ag, As, Au, Cu, Fe, Mg, Mn, Pb, and Zn was 
monitored over a fixed time period by harvesting sub-portions o f each sample at 
discrete time intervals and analysing their gold and multi-element content by ICP-MS.
3.2. Gold Uptake by Plants
The physical or chemical state of gold that moves into plants and through the 
biosphere has been a subject o f much speculation but very little experimentation. There 
is also no general agreement among investigators as to the forms of gold that are 
absorbed by plants, i.e. whether the absorbed gold is in colloidal-size particles or in 
water-soluble compounds. One such study was concerned with the uptake and 
movement of ^^^Au and ^ '^^Au in different sols and solutions by plants [Shacklette et 
a l,  1970]. The investigation involved rooted plants and unrooted cuttings o f impatiens 
{Impatiens holstii) and garden balsam (/. hahamind). It was observed that the rooted 
plants and unrooted cuttings did not absorb gold through roots sols that contained 
198Au. Radioactive gold from a chloride solution was not found in leaves o f rooted 
impatiens and garden balsam plants, but was found in leaves of unrooted cuttings, even 
though some of the gold was precipitated as a blue colloidal coating on the cut 
surfaces and in vascular cells. However, the authors also noted that both 198Au and 
19^ Au in solutions of gold cyanide, bromide, iodide, and thiocyanate were absorbed by 
both rooted plants and unrooted cuttings. Gold measurements by atomic absorption 
analysis showed that gold cyanide was absorbed in the largest amounts reaching levels 
as high as 320 pg g i (dry wt.) in the plant. The absorption o f gold by plants was also 
detected by changes in the colour o f tissues and by autoradiographs of leaves.
Another study, by neutron activation analysis, determined the relative 
concentrations of gold in seeds, seed pods, leaves, upper twigs, stems, and roots, and 
found the maximum concentration in leaves. From their results the authors suggested 
that for biogeochemical prospecting only the leaves need be analysed [Khatam ov et 
al,  1966].
In an attempt to understand the reasons for varying concentrations o f gold in 
plants, inactive and tracer gold were employed in order to study its uptake, transport 
and localisation in plants [Lakin et a l,  1974]. Autoradiography and INAA techniques 
showed that gold was localised in plant tissues. The two gold compounds employed in
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the study were gold cyanide and gold chloride. However, a study performed on the 
analysis of plants grown in solution culture containing different gold compounds 
showed that the gold potassium cyanide complex to be more readily available for gold 
uptake than the chloride, bromide and thiosulphate compound [Girling and Peterson, 
1978a], O f the gold compounds employed, the cyanide and chloride solutions were 
extensively investigated because they are considered to be the most available for plant 
uptake in the environment. The authors considered the effect on the uptake and 
mobilisation of the gold compound as a function o f light, temperature, pH of solution, 
and the addition o f metabolic inhibitors to the solution culture. Gold uptake was 
monitored in two plant species, namely, Phacelia servicea and Hordeiim vidgare. P. 
servicea was found to accumulate gold as much as ten times more than H. vulgare in 
both roots and shoots. This result was also noted for samples o f the same species 
removed from the field. Subsequent analysis by the picric acid paper method showed 
that P. servicea samples contained cyanide. The presence of this compound aids the 
dissolution and accumulation of gold by plant materials. This study also demonstrated 
the relationship between solution pH and gold uptake, in so much that the maximum 
gold uptake by roots of H. occurred with decreasing pH of solution. The
addition of Cu and Mn salts to the solution culture proved to have only a negligible 
effect on the gold uptake. However, the addition of equimolar concentrations o f Ag 
and As appeared to attenuate gold uptake by H. vulgare. In contrast, the addition of 
Fe '^" and Ca^^ ions appeared to stimulate the root uptake of gold. A reduction in gold 
uptake by roots was observed after a lowering o f the solution temperature to 6 ± 2° C. 
It was concluded that the toxic effect o f Ag and As on the species was responsible for 
the decrease in gold uptake. Radioautographic measurements showed that gold was 
concentrated in leaf-tips and mid-rib. Cell fractionation o f the plant material revealed 
that the gold was localised in the mitrochondrial and ribosomal fractions.
The above observations confirm that the uptake o f gold in plants is dependent 
on chemical form, solution pH, and possible competition by other metal ions (Ag, As, 
Fe, etc.). There also appears to be a limited number o f studies on the uptake o f gold by 
bryophytes under experimental/laboratory conditions in the literature.
3.3. Analysis of M etal Uptake by Bi*yophytes
3.3.1. Sample Protocol
Bulk bryophyte species were removed from an area o f no known gold mineralisation 
on an estate in the north east of Scotland at Balnagowan. Essentially the bulk material 
consisted of four species, namely, Hyloconiium splendens, Hypnuni cupressifornie, 
Pleurozium schreberi and Polytrichum conmnme. The species used in this study are 
almost without exception endemic to acid heath conditions [W atson, 1964]. Each 
species exhibits some autecological (individual) variation, e.g. H. splendens forms 
patches or coarse wefts on soil or in turf on banks, roadsides, heaths, moorland and 
sand-dunes; H. cupressiforme forms green patches on rocks, walls, bark, logs and 
soils, in sheltered or exposed habitats; P. schreberi forms patches or coarse wefts in 
dry places on heaths, moorland, sand-dunes, and banks; P. commune forms tufts or 
turfs, sometimes of considerable size in bogs, by streams, on wet heath and moorland 
[Smith, 1978] On arrival at the laboratory each species was manually separated from 
the bulk material and split into two sub-samples o f approximately 40g (fresh wt.).
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3.3.2. Control Samples
The four common species of bryophyte were placed in 250 ml plastic containers* filled 
with distilled deionised water of pH 6. The level of water in each container was 
monitored over the experimental period and the plants sprayed with distilled deionised 
water to ensure that the samples did not dehydrate. The samples were placed in a 
contamination-free polypropylene growth box, ventilated by air circulation through a 
filter, and in the same area as the samples employed to monitor gold uptake (see Fig. 
3.1).
The box was kept at room temperature (approximately 18° C). Light was 
allowed to fall on the samples by placing the box close to a window for a period of 10 
hours a day. The samples were rotated every three days to allow for constant 
conditions of light and temperature. Furthermore, the samples were placed in their 
containers with their root systems free to submerge in the water solution.
Before the uptake experiment was performed a portion of each species was 
removed and split into two sub-portions and then subjected to one of two pre­
treatments (see section 3.3.4.) Sub-samples were removed at circa 5 pm of each two 
week sampling day from the solution containing no added elements. The material was 
then analysed for its gold and multi-element content. The data acquired for these 
samples provided the initial or 'natural' elemental levels for the four species.
Photo 1- Samples Placed Under 'Clean ' Conditions
* Plastic containers were employed as opposed to glass in order to minimise adherence of elements 
from solution to the container walls.
1 0
Photo 2- Samples and Solutions in Plastic Containers
Fig. 3.1- Photographs of the various species in multi-element solutions.
3.3.3. Preparation of Multi-elemental Solutions
Two standards were made up; a multi-elemental standard containing 10 pg ml"^  Ag, 
As, Au, and 100 pg ml"' Cu, Fe, Mg, Mn, Pb and Zn; and a standard containing 10 pg 
mb' As and Au. The elements As, Au, and Zn were added as chloride salts and Ag, 
Cu, Fe, Mg, Mn, and Pb as nitrate salts. These solutions were placed in the plastic 
containers and the biyophyte placed on top with its root system (rhizoids) submerged 
in the solution.
3.3.4. Sample Pre-treatmeiit
The analysis of the metal ion content of bryophytes can be subject to error if surface 
contamination and ion leakage is not controlled. A number of workers have considered 
that any further treatment, especially involving washing, would be liable to release 
elements from within the plant [Streeter, 1965; Tamm, 1953]. However, studies that 
fail to wash their material may be liable to overestimate the metal ion content of the 
samples because of the ions inter-cellularly retained [Lawrey and Rudolph, 1975; 
Woollon, 19751. Furthermore, analyses from washed material after being subjected to 
air or oven diying are frequently suspect because desiccation may induce appreciable 
leakage of certain ions | Fairfax and Lepp, 1976; Nagano, I972j. Whether a plant is 
likely to leak a particular element is determined by the nature of the element, its initial 
cellular location, the plant species and the habitat from which the material was 
collected.
One o f the few studies carried out on the uptake o f gold by plant materials performed 
an experiment to investigate whether it was possible to wash gold from the leaves of 
plants [Girling and Peterson, 1978a]. Samples o f H. vulgare were grown in a 
nutrient solution containing tracer gold chloride or gold cyanide. Individual leaves 
were then removed and immersed in test tubes o f water. Some 24 hours later, the 
radioactivity in shoots and leaf washes were determined and traces o f gold washed 
from leaves of plants labelled with gold chloride and gold cyanide were found. This 
effect was more pronounced for plants labelled with gold cyanide.
Data presented for one study indicated that if bryophytes are allowed to 
partially dry before washing and analysis, substantial underestimates o f their remaining 
cation content can result [Buck and Brown, 1977]. Many factors, such as, depth and 
duration of desiccation, species involved and metal ion under consideration were found 
to determine leakage.
Consequently, plant sub-portions were subjected to two separate preparatory 
treatments;
Treatment 1
The plant sub-portion was washed in a detergent/saline solution (0.05% Tween 80, 
dissolved in 0. IM NaCl) and dried at 60° C overnight. The saline solution was 
necessary to maintain osmotic potential. Care was also taken while washing the plant 
material not to agitate the samples too violently in order to prevent cellular leakage. 
The dry material was then accurately weighed and subjected to the digestion procedure 
developed in CHAPTER II (section 2.6.6.2.).
Treatment 2
The plant sub-portion was placed in an oven and dried at 60° C overnight and 
subjected to the digestion procedure developed in CHAPTER II.
It was noted that samples hot subjected to the washing procedure (i.e. 
treatment 2) were found to produce data that was impossible to interpret, it is 
suggested that this is due to the fact that elemental adhesion to the surface o f the 
samples, which has not been removed by washing, may be interfering with actual inter­
cellular accumulation, thus producing erroneous levels. Therefore, analysis was only 
performed on samples that were subjected to the rigorous washing regime prior to 
sample digestion (i.e. treatment 1).
3.3.5. Uptake of Gold and Arsenic by Bryophytes
The same conditions were applied to samples of H. splendens and H. cupressiforme. 
However, a solution containing only 10 pg ml'l Au and As was added in order to 
monitor any difference in the uptake of gold and its pathfinder element arsenic when 
not in the presence of the multi-elemental solution. The same procedures o f watering 
and initial elemental analysis were adopted as above.
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3.3.6. M ulti-elemental U ptake by Bryophytes
A multi-element solution was prepared as described in section 3.3.3. and added to the 
plastic containers in which each species was placed. The concentrations were such that 
following uptake they could be distinguished from natural bryophytic levels. The 
elemental concentrations were chosen after a close inspection of the natural 
background levels observed for bryophyte, the levels reported in the literature are 
shown in Table 3.1. These samples were also subjected to the same sample pre­
treatment procedures employed for the 'control’ samples.
3.3.7. Control of pH Level
Gold uptake was evaluated by varying the pH of the gold and multi-element solutions; 
two pH ranges were considered; (i) acidic, pH 3-5, and (ii) alkaline, pH 8-10.
The pH of the gold and multi-element solutions were adjusted by adding 
various amounts of the strong base NaOH and strong acid HCl at differing molarities, 
i.e. O.IM, IM and 6M NaOH and IM, 2M and 5M HCl. Initially the high molarity 
reactants were added drop by drop and then as the required pH value was approached, 
the lower molarity solutions were added. A Camlab Hanna HI 8417 benchtop pH 
meter and magnetic stirrer were employed for monitoring the variation in pH. The 
solutions were run to verify that their composition did not change.
In accordance with the acidic conditions from which the bryophytes were removed, 
samples placed in gold and multi-element solutions with alkaline pH (range 8- 10) very 
rapidly dehydrated and were thus precluded from analysis. This finding was consistent 
with observations reported in the literature, where a bryophyte species {P. commune) 
was observed to exist in an environment of pH 3- 5 (the author also noted that the 
same species was discovered at a pH as high as 7, although no samples were found 
under conditions of higher pH) [Sarafis, 1971]. Consequently, data presented and 
analysis carried out were performed only on samples placed under acidic pH 
conditions.
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3.3.8. Summary of Sampling Regime
Table 3.2 shows a breakdown o f the various bryophyte species and their status with 
respect to pH level and addition o f multi-element solution.
Table 3.2- Elemental solution and pH treatm ent for each species.
Sample status (added solution)
Species Acidic pH Control M E uptake As and An uptake
H. splendens 3-5 CS ME solution* As and Au solution^
H. cupressiforme 3-5 CS ME solution As and Au solution
P. schreberi 3-5 CS ME solution —
P. commune 3-5 CS ME solution -
*; Multi-element solution- 10 pg mb^ Ag, As, and Au and 100 pg mb^ Cu, Fe, Mg, 
Mn, Pb, and Zn.
A solution containing As and Au at a concentration of 10 pg mbb 
CS: Control solution (water with no added elements).
No samples prepared.
3.4. Results
3.4.1. Control Samples
Table 3.3 shows the geometric mean concentration and standard deviation for the 
elemental levels of each control species for the duration of the eight week uptake 
experiment.
Table 3.3- Geometric mean concentration and standard deviations for each 
species employed as control samples.
Concentrations (pg g~^  dry wt.)
Element H, splendens H. cupressiforme P. schreberi P. commune
Ag 0.19 ±0.05* 0.17 ±0.01 0.15 ±0.03 0.16 ±0.08
As 0.02 ±0.01 0.01 ±0.01 0.03 ±0.01 0.03 ± 0.02
Au 0.004 ± 0.002 0.002 ±0.001 0.001 ±0.001 0.0006 ± 0.0006
Cu 49 ± 6 99±  11 33 ± 8 3 8 ±  12
Fe 851 ± 38 908 ± 69 507 ±83 645 ± 18
Mg 2498± 131 2112± 136 1980± 137 2004± 156
Mn 152 ± 1 6 143 ± 12 160 ± 18 171 ± 25
Pb 10 ± 2 20 ± 5 1 6 ± 4 18 ± 5
Zn 72 ± 10 76 ± 9 41 ±1 6 50 ± 8
Geometric mean ± standard deviation [n=5]
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The gold levels determined for each species were found to be indicative of 
concentrations observed for plant materials removed from background locations, with 
gold levels observed for each species to be close to the instrumental limit o f detection 
(0.27 ng ml’ )^. This confirms that they were removed from areas o f no known gold 
mineralisation or auriferous content.
From Table 3.3 it can be observed that there is a natural difference in the 
elemental levels for the control samples over the duration of the experiment. This 
confirms that there is a natural variability in the elemental content o f the four (control) 
bryophyte species. This natural variation in the metal concentrations o f the species 
reflects the fact that the samples were collected from different areas and locations from 
around the background site, i.e. under trees, on bogy soil, relatively dry substrates, etc. 
Furthermore, the samples employed are different species and some elemental variation 
would be expected.
3.4.2. Uptake o f Gold by Biyophytes from an Arsenic, Gold and M ulti element 
Solution
A study was performed to investigate whether or not the presence o f other elements* 
have an effect on the uptake of gold. The uptake of gold by two bryophyte species, 
namely, H. splendens and H. cupressiforme was monitored over an eight week period. 
In contrast to the bryophyte control samples, two elemental solutions were used to 
evaluate the effect of competing elements on gold uptake.
3.4.2.1. Comparative Uptake o f  Gold by H. splendens
Fig. 3.2 shows the variation in the; (a) baseline (control) gold concentration over the 
eight week period, (b) the gold uptake from a solution containing 10 pg ml'^ As, Au, 
and (c) the gold uptake from a solution containing 10 pg ml'* Ag, As, Au, and 100 pg 
ml'i Cu, Fe, Mg, Mn, Pb, and Zn, under acidic conditions for 77. splendens.
The standard solutions employed for the study contained elements that have been extensively 
reported to be associated with gold in plant materials (i.e. Ag, As, Cu, and Fe) and those for which no 
association has been reported to exist (i.e. Mg, Mn, Pb, and Zn).
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Fig. 3.2- Gold uptake by H. Splendens^ (a) gold profile for control 
solution, (b) gold uptake profile from a 10 pg ml  ^ As, Au 
solution, and (c) gold uptake profile from a 10 pg ml  ^ Ag, As, Au 
and 100 pg ml'i Cu, Fe, Mg, M n, Pb, and Zn solution.
It can be seen from Fig. 3.2 that the gold concentration for the control 
(baseline) sample exhibits very little variation over the eight week period and remains 
at a relatively low level (approximately 0.004 pg g'  ^ dry wt.). In contrast, there appears 
to be considerable uptake of gold by the samples employed to monitor gold 
accumulation in the presence of competing elements. The gold accumulation profile for 
(b) exhibits a relatively rapid uptake over the early stages of the experiment, starting at 
an initial (time= 0 weeks) level of approximately 0.002 pg g-i (dry wt.) and ending at a 
concentration o f 7.05 pg g‘* (dry wt.) by the completion of the uptake study (time= 8 
weeks). The uptake curve for (b) suggests that the maximum accumulation o f gold 
occurs by about the fourth sampling harvest (i.e. after six weeks) and that the uptake 
of gold appears to be levelling off to a plateau toward the completion of the eight week 
experiment. Thus, the percentage uptake of gold from the 10 pg ml'^ gold and arsenic 
solution was determined to be approximately 71%.
The uptake profile for gold from the multi-element solution, i.e. curve (c), 
exhibited a relatively similar pattern to (b), with an initial rapid uptake from 0.0002 pg 
g'^ (dry wt.) at the beginning of the experiment, a slowing of the uptake rate, although 
not as pronounced as in curve (b), and then limited gold uptake ending at a final uptake 
concentration of 7.30 pg g  ^ (dry wt.). This final concentration representing a 
percentage uptake from solution of 73%.
The gold uptake profiles shown in Fig. 3.2 exhibit a similar characteristic curve 
(i.e. an initial rapid uptake followed by a decrease in accumulation and then a levelling 
off) for both solutions although they contain different mixtures of competing elements. 
This finding is supported by results presented in another study on the accumulation of 
gold by plants [Girling and Peterson, 1978a]. However, the authors o f this study
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subjected the plants to a shorter period o f uptake time and used lower elemental 
concentrations.
3,4.2.2. Comparative Uptake o f Gold by H. cupressiforme
Fig. 3.3 shows the variation in the; (a) baseline (control) gold concentration over the 
eight week period, (b) the gold uptake from a solution containing 10 pg ml'^ As, Au, 
and (c) the gold uptake from a solution containing 10 pg ml"' Ag, As, Au, and 100 pg 
ml-i Cu, Fe, Mg, Mn, Pb, and Zn, under acidic conditions ïor H. cupressiforme.
Time (w eeks)
Fig. 3.3- Gold uptake by H. cupressiforme; (a) gold profile for control 
solution, (b) gold uptake profile from a 10 pg niH As, An 
solution, and (c) gold uptake profile from a 10 pg ml  ^Ag,
As, An, and 100 pg mpi Cu, Fe, Mg, Mn, Pb, and Zn 
solution.
It can be seen from Fig. 3.3 that the gold concentration for the control 
(baseline) sample (a) exhibits very little variation over the eight week period and 
remains at a relatively low level (approximately 0.002 pg g’  ^ dry wt.). However, as 
with the gold uptake profiles for H, splendens, there appears to be a substantial 
accumulation o f gold from the two elemental solutions over the period o f the study, as 
demonstrated by the curves (b) and (c).
The accumulation profile for gold uptake from the 10 pg ml‘  ^ arsenic and gold 
solution, i.e. curve (b), exhibits a relatively slow increase in the rate of gold uptake 
over most of the investigative period. However, towards the end o f the study there is a 
significant increase in the uptake rate with the gold concentration in the sample 
reaching 7.90 pg g"' (dry wt.), thus producing a percentage uptake from solution of 
79%. The curve suggests that the uptake of gold is relatively uniform over the initial 
period until a threshold level is reached where the uptake rate becomes extremely rapid 
suggesting two different stages of gold accumulation for the uptake of gold from the 
solution by H. cupressiforme.
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The gold uptake profile from the multi-element solution, i.e. curve (c), exhibits a rather 
unusual pattern. Initially, the uptake profile exhibits the characteristic, relatively 
uniform uptake curve and then a levelling off o f the concentration after about the third 
analysis harvest. However, instead o f remaining at this level for the duration o f the 
study, the curve exhibits a further, relatively rapid increase in the gold level to reach a 
concentration as high as 9.10 pg g'^ (dry wt.), thus producing a percentage uptake 
from solution of 91%. Again, as with the uptake curve (b) there appears to be various 
stages of gold uptake from the solutions.
The uptake curves for gold from both solutions suggest that the uptake rate is 
still increasing towards the end o f the study period and, thus further accumulation of 
gold by H. cupressiforme maybe occur after the completion of the study.
3.4.3. Uptake of Gold by Biyophyte Species from a M ulti-element Solution
Fig. 3.4 shows the uptake of gold by the bryophyte species P. schreberi, H. splendens, 
H. cupressiforme and P. commune from the multi-element solution.
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Fig. 3.4- Gold uptake from a solution containing 10 pg mH Ag, As, An.
and 100 pg niH Cu, Fe, M g, M n, Pb, and Zn by; (a) P. schreberi, 
(b) H, splendens, (c) H. cupressiforme, and (d) P, commune.
The results show that the species employed to monitor gold uptake from the 
multi-element matrix exhibit considerable accumulation o f gold over the duration of 
the study (Fig. 3.4). As described in section 3.4.2.1. the uptake curve for H. splendens 
exhibits a characteristic shape with an initial rapid increase in uptake rate followed by a 
levelling off towards the end of the study. The uptake curve, as described in section 
3.4.2.2., for H. cupressiforme exhibits two distinct stages, with an initial characteristic 
uptake curve, relatively similar to H. Splendens, followed by a further rapid increase in 
uptake of gold over the latter period o f the investigation.
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The uptake curve for P. schreberi essentially consists o f two distinct, characteristic 
uptake stages of gold accumulation over the eight week study period. At the end of the 
eight weeks P. schreberi had accumulated 62% of the gold from the multi-element 
solution.
In contrast, P. commune exhibits a relatively uniform uptake of gold with very 
little variation from a straight line. The percentage uptake of gold for P. commune 
from a multi-element solution was 96%.
3.4.4. Relationship Between Uptake of Gold and O ther Elements in M ulti­
element M atrix
It has been reported extensively in the literature that there exists a strong positive 
relationship between the levels of arsenic and gold present in plant materials indigenous 
to auriferous ground (W arren et ah, 1964; Girling and Peterson, 1978b; Valente et 
al., 1986]. Furthermore, strong associations have been reported to exist between the 
Au and the Ag, Cu, and Fe content of some species endemic to gold mineralised 
terrains [Reading et a l, 1987] Consequently, the multi-element uptake characteristics 
o f the bryophyte species employed in the study were monitored and correlation 
calculations were performed on the acquired data.
3.4.4.1. Gold andMultl-elemental Uptake by Bryophytes
Fig. 3.5 shows correlation studies carried out on the gold and multi-element content of 
H. splendens.
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Fig. 3.5- Veiy highly significant correlations (P<0.001); [A] gold and silver, 
and [B] gold and arsenic, forH . splendens.
From Fig. 3.5 it can be seen that both Ag and As exhibited very highly 
significant (?<0.001) relationships with gold in H. splendens, with product moment 
correlation coefficients (R ) o f 0.921 and 0.975, respectively. These elements exhibited 
similar uptake profiles to that o f gold reaching final concentrations for Ag and As of 
3.20 and 8.70 pg g'  ^ (dry wt.), respectively, although the silver uptake displays a lower 
level. No such relationships were observed for gold and the remaining elements.
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Figs. 3.6 and 3.7 show the correlation calculations carried out on the gold and multi­
element content o f H. cupressiforme.
Ag coiicertration (jug g ’ dry \^t) As concentmtion (jug g ’ diy wt)
Fig. 3.6- Very highly significant correlations (P<0.001); [A] gold and silver, 
and [B] gold and arsenic, for/7, cupressiforme.
From Fig 3.6 it can be observed that, as with H. splendens, the elements Ag 
and As exhibit very highly significant (P<0.001) correlations with gold (R  ^ values of 
0.922 and 0.911, respectively), with levels reaching 7.00 and 8.87 pg g‘  ^ (dry wt.) 
from initial concentrations o f 0.17 and 0.01 pg g^  (dry wt.), respectively. Furthermore, 
copper displays a highly significant (0.0KP<0.001) correlation with gold (see Fig. 
3.7), reaching a concentration of 169 pg g"^  (dry wt.) from an initial concentration of 
99 pg g*^  (dry wt.).
1^=0.9282
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Fig. 3.7- Highly significant correlation (0.01<P<0.001) between the 
gold and copper content o f H. cupressiforme.
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Figs. 3.8 and 3.9 show the correlation calculations performed on the Au, As, and Cu 
uptake by P. Schreberi.
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Fig. 3.8- Very highly significant correlations (P<0.001); [A] gold and arsenic, 
and [B] gold and copper, for P. schreberi.
Fig. 3.8 shows that there exists a significant correlation between the Au, As, 
and Cu content o f P. schreberi, with values o f 0.903 and 0.963, respectively. These 
findings reflect the observations reported in the literature for the same elements 
accumulated in plant materials removed from areas o f auriferous content [Reading et 
al., 1987]. Furthermore, there exists a statistically significant (0.0KP<0.001) 
relationship between the gold and iron uptake o f P. schreberi (see Fig. 3.9).
550 600
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Fig. 3.9- Highly significant correlations (0.01<P<0.001) between 
the gold and iron content of P. schreberi.
The relationship between the uptake of gold and iron shown in Fig. 3.9 
confirms the findings of an earlier study performed on plant materials removed from an 
area of known auriferous content, where a strong association, although the significance 
interval was not reported, was observed for the two elements [W arren et al., 1964] 
The authors noted that this relationship was so strong that iron, as well as arsenic, 
should be considered as a pathfinder element for the detection of auriferous deposits.
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Fig. 3.10 shows the correlation calculations performed on the gold and multi-element
content o f  P. comimme.
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Fig. 3.10- Very highly significant correlations (P<0.001); [A] gold and arsenic, 
[B] gold and silver, and [C] gold and copper, for P. commune.
The same elemental associations were also noted for H. cupressiforme as for P. 
schreberi, with W  values for relationship between the uptake of Au and Ag, As, and 
Cu o f 0.961, 0.992, and 0.980, respectively. These results further demonstrate the 
geochemical association between the uptake of gold and several other elements (i.e. 
Ag, As, and possibly Cu) noted in the literature.
Table 3.4 shows a summary of the correlation calculations carried out on the 
gold and multi-elemental uptake of the individual bryophyte species used in this study.
From Table 3.4 it can be seen that only Ag, As, and Cu exhibit significant 
uptake correlations with that of gold. The association of arsenic and gold uptake is by 
far the most notable with all the species exhibiting very highly significant (P<0.001) 
correlations between the arsenic and gold accumulation over the course o f the study. 
The strong geochemical link between arsenic and gold in plant materials has been 
widely reported in the literature for samples removed from auriferous and gold 
mineralised regions.
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Table 3.4- Correlation matrix for uptake o f gold with other elements.
Species
Elemental correlations with uptake of gold
As Cu Fe M g M n Pb Zn
H. splendens s“ s" NS NS NS NS NS NS
H. cupressiforme s s S NS NS NS NS NS
P. schreberi NS s s S NS NS NS NS
P. commune S s s NS NS NS NS NS
S -P<0.001 (very highly significant): S**-0.0KP<0.001 (highly significant):
S -0.05<P<0.01 (significant): NS- no significant correlation
Further observation o f Table 3.4 shows that both silver and copper exhibit 
significant correlations with the uptake o f gold over the duration of the study. In 
general, all the species, with the exception of P. schreberi for silver and H. splendens 
for copper, exhibit a strong association with the gold uptake. These observations are 
not surprising in so much that Ag, Au, and Cu all appear in group 11 o f the periodic 
table and have very similar electron configurations; 4d'°5s', 5d'°6s‘, and 3d'°4s', 
respectively, with all the elements exhibiting incomplete outer-electron shells. 
Therefore, the strong biochemical relationships observed for the uptake o f gold against 
that of Ag and Cu can be explained by the soft character of the Ag^, Au^, and Cu^ 
ions, which results from the relatively small energy difference between the highest and 
lowest unoccupied orbitals o f these ions. This character is illustrated by their affinity 
for complex formation, which follows the order T>Br‘>Cl‘. Bryophytes contain high 
levels o f sulphur, this element is softer and more electronegative than oxygen and, 
therefore, has a broader span of oxidation states. Thus, it has a stronger affinity for the 
softer metals on the right side of the d-block elements in the periodic table (i.e. arsenic 
and the coinage metals- Ag, Au, and Cu). Sulphur also tends to form catenated (long 
chains) sulphide ions, in combination with alkali metals a large set of compounds 
containing 8,6' ions can be prepared, and the smaller polysulphides can serve as 
chelating ligands toward d-block metal ions. Furthermore, sulphur exhibits a 
preference for metal centres that are not highly oxidising. All these points indicate that 
both Ag and Au (and possibly copper) exhibit a tendency for sulphur binding in the 
plant material and may well display a similar uptake profile. The same argument may 
also apply for arsenic.
Furthermore, it can be seen in Table 3.4 that there exists a very highly 
significant correlation between the gold and iron uptake for P. schreberi. An
association-between-gold-and4ron-has also beenTeported in'the lit^atiTre "for plaht^
materials removed from auriferous regions. However, this association was not 
observed for the other species employed in the study and, therefore, no concrete 
conclusions can be drawn from this observation.
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3.5. Summary
The investigation entailed the monitoring of gold (and multi-elemental) uptake 
characteristics o f four species o f bryophyte, namely, Hylocomhim splendens, Hypnum 
cupressiforme, Pleurozium schreberi and Polytrichum commune, over an eight week 
study period from multi-element solutions (under controlled experimental conditions). 
Essentially, two separate uptake experiments were conducted; (i) the accumulation of 
As and Au from a solution (at a concentration of 10 pg ml’ )^ by H. splendens and H. 
cupressiforme at a pH range of 3-5, and (ii) the accumulation of a multi-elemental 
solution (at a concentration o f 10 pg ml'  ^ Ag, As, Au, and 100 pg ml'  ^ Cu, Fe, Mg, 
Mn, Pb, and Zn) by all four species at pH ranges o f 3- 5 and 8- 10. The possible 
uptake o f these elements was determined by comparison with elemental levels 
determined in control samples o f the same species.
Experiment (J)
This study showed that H. splendens and H. cupressiforme (at a pH range of 3-5) 
accumulated As and Au to an appreciable level over the course of the investigation (as 
can be seen in Fig. 3.2). The concentration levels determined for both elements were 
very much elevated when compared to control samples, e.g. 7.05 pg g ' (dry wt.) 
compared with an initial concentration o f 0.004 pg g ‘ (diy wt.) and 7.90 pg g ' (dry 
wt.) compared with 0.002 pg g ’ (dry wt.) for H. splendens and H. cupressiforme, 
respectively. Therefore, percentage uptakes o f gold from solution of 71% and 79% 
were observed for H. splendens and H. cupressiforme, respectively. Furthermore, a 
relatively similar uptake profile was also observed for arsenic with levels rising to 8.19 
pg g'^ (dry wt.) from an initial level o f 0.02 pg g ' (dry wt.) and 10.01 pg g ‘ (dry wt.) 
from 0.01 pg g ' (dry wt.) for H. splendens and H. cupressiforme, respectively. It can 
be observed from Fig. 3.2 that the gold accumulation appears to have reached its 
maximum level from the solution suggesting that all the available gold in solution has 
been taken up. Conversely, arsenic appears to still be increasing by the end o f the 
study. It has been suggested that the rapid increase in uptake may be due to ion- 
exchange processes, whereas, the slower rise in uptake may well be metabolic 
accumulation [Girling and Peterson, 1978a]. No correlation between the uptake of 
arsenic and gold was observed in this experiment.
Experiment (II)
The multi-elemental content of the control samples was monitored over the period of 
the investigation and displayed very little variation. Therefore, it was concluded that 
the observed levels exhibited natural variation by the plant species and provided a 
baseline level for the elements. Furthermore, gold levels determined in the samples 
were found to reflect concentrations indicative o f plant materials removed from non- 
auriferous ground, or background locations, e.g. 0.0006- 0.004 pg g ' (dry wt.).
All species used in the uptake study displayed appreciable levels o f gold 
accumulation, with concentrations o f 7.30, 9.10, 6.21, and 9.59 pg g^ (dry wt.) from a 
initial concentrations of 0.002, 0.001, 0.002, and 0.003 pg g^ (dry wt.) for H. 
splendens, H. cupressiforme, P. schreberi and P. commune, respectively. Similarly, 
arsenic exhibited elevated levels for all species when compared to the control
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counterparts, i.e. 8.70, 8.87, 5.12, and 2.00 pg g^ (dry wt.) for H. splendens, H. 
cupressiforme, P. schreberi and P. commune, respectively. Correlation calculations 
performed on the gold and multi-elemental uptake of the bryophytes showed that Ag, 
As, and Cu exhibit strong associations with the uptake o f gold in most o f the 
bryophytes used in the study, and it can be concluded that these elements are 
associated with the uptake of gold by plant materials.
In conclusion it can be seen that the results obtained for the uptake o f gold by 
bryophytes can be achieved under in-vitro experimental conditions of low pH levels 
(acidic conditions o f pH range 3- 5) and under constant watering. Samples of 
bryophytes subjected to alkaline conditions (at a pH range 8- 10) o f solution medium 
were found to dehydrate rapidly, as a consequence data acquired for these samples 
were impossible to interpret. These findings were consistent with conditions necessary 
in nature for the growth of the bryophyte species and the mobility o f gold in the 
surficial environment. Furthermore, sample preparation must employ a washing stage 
for portions and sub-portions of plant materials with a saline/detergent (0.05% Tween 
80, dissolved in O.IM NaCl) solution. Thus, ensuring that data analysis is not 
erroneously interpreted by the inclusion of elemental (colloidal) adhesion to plant 
surfaces.
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CHAPTER IV
Analysis o f Gold in Bryophytes Removed from Auriferous 
Ground in the West Highlands of Scotland
4.1. Introduction and Rationale
There is within Scotland an increasing interest in the identification o f metaliferous 
deposits, specifically of the platinum group metals (PGMs) and precious metals 
including gold. Many areas o f outstanding ecological importance are to be found 
within the vicinity of such ore deposits. These areas, designated as National Nature 
Reserves, have an abundancy and diversity o f bryophyte and higher plant species not 
seen anywhere else in mainland Britain. These reserves are set aside from the 
neighbouring countryside as protected land.
Close to, and in some cases within these Nature Reserves, mining for minerals 
within the underlying bedrock is being undertaken. The mining o f such areas employs 
traditional destructive techniques o f bore-holing and trenching with subsequent mass 
removal of surface and deeper soil levels (including the AO, A2, B, subsoil and 
overburden horizons). This upheaval of the land and subsequent destruction o f the 
local terrestrial flora disrupts the normal ecological balance o f the area and may lead to 
extinction of rare bryophytic species.
One such Nature Reserve that is under threat from large scale mining 
operations is located within the Cononish Valley in the West Highlands o f Scotland. A 
gold mine is already in operation at a location to the east of Has Anie above Cononish 
Farm, at the head of the middle valley. The Cononish Valley branches off Strath Fillan 
and is surrounded by high mountains, including Ben Lui. The overwhelming terrain 
consists of moorland (blanket mire and acid grassland vegetation). The area is 
considered of great landscape value to the Central Regional Council.
Botanical surveys of the mine site indicate that a typical spread of highland 
vegetation types exists. The bryophyte species indigenous to this area show great 
diversity, with some species only endemic to this area o f Britain. The local 
environment also displays many varying types of substrate within the bryophytic 
community, including blanket mire covering, ericaceous communities and grasslands, 
with other vegetative communities including native pine forests and forestry 
plantations.
Before this area of auriferous mineralisation can be studied, it is necessary to 
evaluate the principles and practical approach underlying the application o f 
biogeochemical exploration for mineralisation.
4.2. Prospecting for M ineral Deposits
Two of the most important exploration activities is the location o f surface 
mineralisation and any old workings. Many deposits have been recognised because 
they have a very different appearance to surrounding rocks and form distinct hills or 
depressions. An example of this is the Ertsberg copper deposit in Indonesia. This 
deposit was recognised because its green stained top stood out through the 
surrounding jungle. The deposit was further investigated and resulted in the discovery 
of the largest gold deposits outside South Africa. On a smaller scale silicification is 
characteristic of many hydrothermal deposits, resulting in slight topographical ridges.
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It has been noted that silicification of disseminated gold deposits is so characteristic 
that one deposit in Nevada was discovered by the crunchy sound o f geologist’s boots 
walking across an altered zone after dark [Evans, 1995].
In addition to forming topographical features most outcropping mineral 
deposits have a characteristic colour anomaly at the surface. The most common of 
these is the development o f a red, yellow or black colour over iron-rich rocks, 
particularly those containing sulphides. These altered iron-rich rocks are known 
generically as ironstones. Ironstones can be found in most areas o f the world, with the 
exception of alpine mountains and polar regions, and result from the instability o f iron 
sulphides, particularly pyrite (a yellow-gold sulphide mineral, FeSz, often referred to as 
fool s gold as it can be mistaken for gold). Ironstones also preserve chemical 
characteristics of their parent rock, although these can be considerably modified due to 
leaching of mobile elements.
The recognition o f weathered sulphides overlying base metal or gold deposits 
and the prediction of sub-surface grade is therefore of extreme importance.
4.2.1. The Im portance of Soil for M ineral Exploration
The word ‘soil’ has many varied uses, however, in prospecting terms it is the material 
that overlies the bedrock and must subsequently be removed, penetrated or interpreted 
in respect to the underlying rock or mineral deposit. Soil itself has been defined as,
‘A natural body of mineral and organic constituents, differentiated into horizons, o f 
variable depth, which differs from the material below in morphology, physical make­
up, chemical properties and composition, and biological characteristics’ [Joffe, 1949].
Soil constituents and properties are organised into layers which are related to 
the surface, changing vertically with depth, and contrasting with the parent material 
from which the soil is formed. Biological activity is an important factor in soil-forming 
processes with most soils able to support plant growth. Rock decomposition and soil 
formation are indistinguishable during weathering, and in general they take place 
together, in this respect soil formation can be considered as an advanced stage of 
weathering.
The properties o f the individual soil layers (commonly referred to as horizons 
which may range from a few centimetres to more than a meter) that are o f greatest 
importance in the geochemical dispersion of elements are pH, organic-matter content, 
clay-mineral type and assemblage, and the concentration o f Fe-Al-Mn-oxides. Grouped 
together these horizons constitute the soil profile. The soil profile development is 
principally a result of the vertical movement of material either in solution or suspension 
coupled with the action of complex chemical reactions, often organic in nature, with 
water being the primary solvent in which movement and chemical reactions occur. In 
general, soil profiles are divided into four main horizons; which appear from the 
surface downward, and are distinguished by the nomenclature A, B, C, and R, 
respectively [Rose ct «/., 1979]. The ‘true soil’ or solum comprises o f the A and B 
horizons, while the C horizon represents partly weathered parent material from which 
the solum was formed and the R horizon represents the underlying bedrock.
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Sometimes a practically pure organic matter horizon (O or AO) appears above the A 
horizon. These horizons are schematically shown in Fig 4.1.
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Fig. 4.1- Schematic of the various horizons of a soil profile after Rose et ah, 1979.
The parent material provides the raw material of the soil and thus, effects the 
nature of the soil. The effects are seen at depth where the soil horizons grade into the 
parent material. Parent material is more obvious in soils where the higher surface 
horizons have been eroded. In old, well-developed soils, the effects o f parent material 
are secondary to other factors, but investigation of the chemistry and mineralogy can 
provide a means of identifying underlying rock types. However, in general,climate is 
more prevalent in determining soil type than geology.
Differences in the soil type can reflect variations in the underlying rocks. Thus, 
characteristic assemblages of certain minerals may provide an indication o f the parental 
rock types. Furthermore, the composition and concentration o f trace elements in the 
soil provide information as to the nature of the bedrock geology. This latter approach 
is the foundation of geochemical soil surveys, as ores are a special type o f parent 
material.
4.2.2. Chemical M obility in the Surficial Environm ent
The action of weathering on rocks makes available their substance for erosion and 
dispersion away from their place o f origin. The dissolution, deposition and 
sedimentation of material that takes place during erosion and dispersion can bring 
about extensive re-distribution of the products of weathering. This re-distribution is 
controlled by the chemical and physical properties of the products and the media in 
which they are transported. These products are divided at the Earth’s surface between 
relatively immobile solid phase, referred to as the regolith, and a mobile fluid phase 
which comprises of free-flowing underground and surface waters. In the solid phase 
insoluble products of weathering are dispersed by slow mechanical movement o f clastic 
fragments, whereas, products that are either water soluble or exist in a form which is 
readily suspended and transported by flowing water are dispersed more rapidly.
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The mobility of the elements in the surficial environment is to a great extent dependent 
on their solubility in water. Silicon of detrital quartz grains, for example, occurs as 
constituents o f insoluble minerals. In contrast, Na and Cl are generally found in the 
water-soluble phase. However, most elements lie somewhere between these two 
extremes. There are a number o f factors that control the partition o f elements between 
the more mobile aqueous phase and the less mobile solid phase.
4.2.2.1. Eh-pH Relationships
The most important factor controlling the solubility o f an element in water is the 
relationship between the concentration of hydrogen ions in solution (i.e. the pH), and 
the oxidation potential (i.e. the Eh).
Most natural waters have a pH in the range 4-9, although, near oxidising 
sulphides, the concentration of sulphuric acid may be high enough to lower the pH to 2 
or less. Most metals are highly soluble in acid solutions. However, increasing the pH 
can precipitate some elements as oxides or hydroxides. Therefore, the precipitation o f 
some elements can place a limiting factor on mobility and deposition.
The second important factor which influences the mobility o f an element is the 
electron concentration, referred to as the oxidation-reduction (or redox) potential. This 
is significant because many elements exist in more than one oxidation (valence) state 
with their properties in both solutions and solids varying considerably depending on 
valency. The electron concentration is expressed as the Eh, and is experimentally 
determined by measuring the voltage produced between a platinum electrode and a 
standard hydrogen electrode immersed in the solution. In geochemistry a high Eh is 
indicative of an oxidising environment, whereas a low Eh a indicates a reducing one. I
At the Earth’s surface atmospheric oxygen is the predominant oxidising agent. 
Environments which are exposed to the atmosphere or to downward percolating 
waters saturated with oxygen are most often oxidising. Exposure to free or dissolved 
oxygen and oxygenated surface waters decreases with depth, thus the environment 
becomes increasingly reducing. In the surficial environment carbonaceous material 
from plant and animal life is the main reductant. Where carbonaceous material has 
gathered, and exposure to the atmosphere is constricted, highly reducing conditions are 
found.
Another factor important in the mobility of some elements is the abundancy of 
sulphur in natural waters, the form of which varies considerably depending on the pH 
and Eh. The mobility of some elements is strongly dependent on sulphur because o f the 
insolubility of many sulphides and sulphates. The major species for sulphur are SO / , 
HSO/, H2S, and HS . Fig. 4.2 shows the range o f natural Eh-pH values.
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Fig. 4.2- Range of natural Eh-pH values after Krauskopf and Bird, 1995.
4.2.3. Mechanical Dispersion in the Surficial Environment
As opposed to the dispersion o f elements or groups of elements in the surface 
environment in solution or natural waters, or as components o f clastic fragments in 
soils described earlier, this form o f dispersion involves the mechanisms responsible for 
the transport o f these complex fluid and solid materials under the influence o f 
mechanical factors. The primary force involved in mechanical dispersion is gravity, 
which acts either directly on soil and debris or through flowing water or ice. 
Furthermore, wind action and animals add to this mode of transport.
4.3. Exploration Geochemistry
The use o f geochemistry has evolved from its early days, where it was employed as a 
means of assaying, to the present day where use is made o f the chemistry o f the 
environment surrounding a deposit in order to locate it. The techniques employed 
particularly apply to the analysis of surficial material such as soil, till and vegetation. 
There are essentially five phases to a geochemical programme;
i) planning,
ii) sampling,
iii) chemical analysis,
iv) interpretation,
v) follow up.
The field geologists usually carry out i, ii, iv, and v, with iii normally performed 
by a commercial laboratory.
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Geologists start with a knowledge of the elements associated with particular kinds o f  
deposit, the mineralogical form of the elements and the expected size o f surrounding 
elemental anomalies. The area o f mineral enrichment is referred to as the ‘primary 
halo’, and the process of enrichment as ‘primary dispersion’. Furthermore, ore forming 
processes take place which concentrate or expend elements other than those sought. 
An example of this is a massive sulphide deposit which may contain significant 
amounts o f arsenic and gold as well as copper, lead and zinc for which they are mined. 
Table 4.1 shows a summary o f elemental associations for particular types of gold 
deposit and deposits for which gold is associated [Evans, 1995].
Table 4.1- Elemental associations for gold deposits and deposits for which gold is 
an associated element after Evans, 1995.
Type o f deposit M ajor components Associated elements
Magmatic deposits
Immiscible Cu- Ni Cu, Ni, S As, Au, Co, Pt
Hydrothermal deposits
Porphyry copper Cu, S Ag, As, Au, K, Mo, Pb, Re, Zn
Skarn- Cu Cu, Fe, S Ag, Au
Base metal veins Cu, Pb, S, Zn Ag, As, Au, Mn, Sb
Epithermal precious metal Ag, Au As, Cu, Hg, S, Sb, Se, Te
Sediment hosted precious Ag, Au As, Hg, Sb, W
metal
Vein gold (Archaean) Au As, Sb, W
Unconformity associated U As, Au, Ni, Pd, Se
uranium
Volcanic-associated Cu, S Au, Zn
massive sulphide Cu
Volcanic-associated Cu, Pb, S, Zn Ag, As, Au, Ba
massive sulphide
Cu-Pb-Zn
As-Au rich Fe formation As, Au, S Sb
The geologists task is to adapt information such as that contained within Table 
4.1 to an exploration area. However, the behaviour o f elements in the near surface 
environment is different from that in which the deposit is formed. This is borne out by 
the behaviour of Cu, Pb, and Zn in volcanic-associated massive sulphide deposits, 
where zinc is normally more mobile in the surface environment than copper and far 
more than lead. It is more probable that lead will be concentrated immediately above 
the deposit (because it is relatively insoluble), whereas zinc will disperse from the 
deposit. This process of movement away from the primary deposit is referred to as 
‘secondary dispersion’.
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The background levels of an element in rocks and soils are important when attempts 
are made to locate secondary dispersions from deposits. All elements are present in 
rocks and soils, the concentration o f which is dependent on the mode o f formation o f 
the rock and the subsequent soil.
4.3.1. Hydrothermal Ore Deposits
The origin of ore deposits is one o f the longest and most contentious issues in geology. 
This is due to the diversity o f form and as a consequence they may originate in many 
different ways. Many ore deposits, generated at medium to high temperatures, are 
associated with igneous rocks, with their origin related to magmatic processes. Some 
ores can accumulate as products o f magmatic differentiation. However, the majority o f 
deposits are formed from processes in which water has played a primary role, i.e. 
deposits in which metals have been transported in a dissolved form in an aqueous fluid 
and then have been concentrated and precipitated in the region where they are now 
located.
Metal-bearing solutions can derive from; heated rain (meteoric), ocean water 
that has circulated at great depths, seawater initially entrapped in sediments at the time 
of their formation (connate water), or as volatile debris discharged from rocks during 
metamorphism. These warm water solutions are referred to as ‘hydrothermal fluids’, 
and the ores that they deposit as ‘hydrothermal ores’.
4.3.1.1. Metal Complexing in Hydrothermal Solutions
Most of the common ore metals, i.e. Ag, Cu, Hg, Mo, Pb, and Zn occur in ores 
predominantly as sulphide minerals. These sulphide minerals are generally insoluble 
compounds. However, to form an ore deposit the metal must have initially been 
dissolved and must have existed in a solution that also contained sulphur. Furthermore, 
the quantity of dissolved metal permitted by the solubilities would be completely 
inadequate to form a deposit in a reasonable period o f geological time. The presence of 
Cl ions in solution allows the formation of a variety o f complex ions and molecules 
stable enough to keep substantial quantities of metals dissolved, even when sulphide 
ions are present in appreciable amounts. Other ions can also play a similar role, e.g. the 
HS- ion forms stable complexes with Ag, Au, and Hg- Ag(HS)2', Au(HS)2", and 
Hg(HS)2, respectively. These complexes are responsible for keeping the metals in 
solution by significantly increasing their solubility. This increase in solubility can be 
written as a general reaction, thus,
metal sulphide + anion —> nietal-anion complex + sulphide ion
where anion can represent Cl , HS , S'-, OH, HCOf, CO3' ,  F , etc. Which complex or 
complexes are most significant for a certain metal are dependent on the properties of 
the metal and the constituents of the solution. Temperature and pressure are also 
important quantities.
Therefore, the transportation of metals from their source to, say for instance, 
the vein or pocket where the ore is deposited very much depends on the stability o f 
various types of complexes. This stability is itself dependent on variations in
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temperature and pressure and by changes in fluid composition attributed to reactions 
with the rock it flows through. As a consequence, a classification o f ore deposits based 
on temperature-pressure conditions has evolved; hydrothermal (high temperature, 
close to the intrusive), mesothermal (intermediate), and epithermal (low temperature, 
distant from source).
4.3.2. D iscordant Vein Deposits
In the past a genetic distinction was made between vein and lode. Veins were 
considered to have resulted from infilling of pre-existing open spaces, while the 
formation of lodes was believed to have involved extensive replacement o f pre-existing 
host rock. However, such a distinction has proved to be unworkable and it has been 
suggested that all such deposits be called veins with the term lode being dropped 
[Evans, 1980].
Veins are often inclined, as is the case with faults, and as such they posses a 
hanging wall and a footwall The vein often pinches and swells out as they are followed 
up and down a stratigraphie sequence (see Fig. 4.3). This pinch-and-swell structure 
frequently causing difficulties during exploration and mining, with sometimes only the 
swells being workable.
I Thick impervious shale
Limestone
Shale
Limestone
Shale
Sandstone
Hanging wall Footwall
Fig. 4.3- Section of a vein occupying a norm al fault and exhibiting a pinch and
swell structure after Evans, 1980.
The pinch-and-swell structure originates in a change in attitude o f an initial 
fracture as it crosses them in accordance with changes in the physical properties o f the 
rocks, with these properties, in turn, controlled by changes in lithology. When 
movement occurs producing a normal fault then the less steeply dipping sections are 
held against each other to become bearing surfaces. Thus, open spaces (dilatant zones) 
form in the more steeply dipping sections. Consequently, if minerals are deposited in 
these cavities then a vein will be formed. In general, veins are developed in fracture 
systems and as a consequence exhibit regularities in their orientation. The infilling o f 
veins can consist o f one mineral, however, more usually it consists o f an intergrowth o f 
ore and gangue minerals. The boundaries o f vein orebodies may be the vein walls or 
they can be assay boundaries within the veins.
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Before a detailed description o f the technique o f biogeochemical exploration is 
described, a short review of the various methodologies available to the mineralogist 
will be given in the next section.
4.3.3. Reconnaissance Techniques in M ineral Exploration
The application of the specific technique is dependent on the origin o f the overburden. 
I f  it is residual, i.e. derived from the rock underneath, then it is a relatively 
straightforward operation. However, if the overburden is exotic, i.e. transported, then 
various methods must be employed.
4.3.3.1. Overburden Geochemistry
In areas of residual overburden, overburden sampling can be employed as a principal 
survey. This method of sampling is dependent on the nature o f the overburden, i.e. if 
the chemistry of surface soils reflect that at depth then it is prudent to carry out soil 
sampling. If  this is not the case, then samples o f deep overburden must be removed. 
The major areas where surface soils do not reflect the chemistry at depth are glaciated 
terrains, where the overburden has been transported from another area.
4.3.3.2. Transported Overburden
In areas of transported overburden (e.g. glaciated terrains or sandy deserts) sampling 
problems are often great. In glaciated terrains it is often found that the overburden 
dose not reflect the underlying bedrock, and seepages of elements occur only where 
the overburden is less than approximately 5 m thick. In sandy deserts where water is 
short, most elemental movement is mechanical, and most fine material is windblown. In 
such areas either a coarse fraction (reflecting locally derived material) or clay 
(reflecting elements moved in solution) is employed.
4.3.3.3. Surface Soil Sampling
The most efficient and widely employed sampling scheme is to remove near surface 
soil samples. However, this system does pose the problem as to which layer o f the soil 
to sample, as differences between the layers can often be greater than between 
sampling sites. The variety of soil is reflected in the surface processes. In general, the 
most effective samples are removed from a depth o f approximately 30 cm.
4.3.3.4. Hydrogeochemistry
This field of exploration employs water as a sampling medium. Although this sampling 
medium is the most universally available for geochemistry, its use is most often 
restricted to specific circumstances. This is due, in part, to the fact that not all elements 
exhibit the same dissolution rates. Furthermore, trace element concentrations are very 
low and difficult to measure. Generally, when surface waters are present it is easier and 
more reliable to sample stream sediments. This technique has been extensively 
employed in the exploration for uranium.
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4.3.3.5. Gases
The use of this medium for exploration is very appealing, as gases can diffuse through 
thick overburden, although, in practice most surveys have produced unreliable results. 
However, to some extent mercury has been relatively successful. Mercury is the only 
metallic element which forms a vapour at room temperature. Furthermore, it is present 
in sulphide deposits, particularly volcanic-associated base metal deposits. Radon gas, 
generated by the decay o f uranium, has also been widely used with some success. 
More recently studies have been carried out on the enrichment o f carbon dioxide and 
depletion of oxygen caused by weathering o f sulphide deposits.
4.3.3.6. Vegetation
This medium is employed in two distinct ways in exploration geochemistry. Firstly, the 
presence, absence or condition o f a particular plant can indicate the presence o f a 
particular rock type. This technique is referred to as geobotany. Secondly, the 
elemental composition of plants is determined, this technique is termed 
biogeochemistry and is the field o f mineral exploration employed in this study. One of 
the major advantages of this technique, where trees are employed as the sampling 
medium, is that tree roots often reach relatively deep water tables which, in glacial 
areas, can be well below the transported material and provide a better indication o f the 
composition of the underlying bedrock. Similarly sampling near surface humic 
horizons, which largely reflect decayed leaves and twigs from surrounding trees, can 
also provide such information.
4.3.4. Follow-up Sampling
Once an anomaly has been located and it’s source identified, further and more detailed 
sampling is necessary to define the source. This is achieved by highlighting areas o f 
elemental enrichment and eliminating background areas until the anomaly is described 
and a bedrock source is proven. Generally, in the case of soil or overburden sampling, 
this is realised by increasing the sampling density until the source of an anomaly is 
discovered, proving the source by means o f deep overburden sampling and rock 
sampling at depth or at the surface where there is an outcrop.
4.4. Biogeochemical Exploration
4.4.1. Oveiwiew and Histoi*y
Biogeochemical methods o f exploration for mineralisation depend on the chemical 
analysis of elements in vegetation. The basic hypothesis is that an element, or elements, 
in the soil or underlying bedrock will be accumulated by the plant in a reproducible 
manner and that, consequently, anomalous levels in the vegetation will indicate 
anomalies in the substrate.
The accumulation of certain elements by humus and vegetation was reported as 
early as the 1930s [Goldschmidt, 1937]. Pioneering work on biogeochemical 
prospecting began independently in Scandinavia, England, and the Soviet Union 
between 1938 and 1939. These studies were concerned with biogeochemical
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investigations on vanadium in Sweden and tungsten in Cornwall [Brundin, 1939], and 
arsenopyrite deposits in Eastern Siberia where the ore body could be delineated by the 
iron content of the local flora [Tkalich, 1938]. However, it was not until a decade 
later that the biogeochemical method began to evolve slowly from these basic 
principles, and further investigations around the globe were being carried out utilising 
the technique. For example, studies were carried out in Finland [Rankam a, 1940], 
Norway [Vogt et a l, 1943], and Greece [Hendstrom and Nordstrom , 1945]. From 
1948 onward, the employment o f the technique in Canada, specifically British 
Columbia, accelerated considerably, with nearly thirty published studies concerning the 
development of biogeochemical exploration [W arren, 1962; W arren  et ah, 1966]. 
Furthermore, the methodology o f biogeochemical prospecting was refined and widely 
employed in unknown areas by the U.S. Geological Survey in the 1950s and early 
1960s. The work was carried out on the Colorado Plateau for the exploration of 
uranium mineralisation. As a result, several bodies of uranium ore were discovered 
[Cannon, 1960b].
The technique of biogeochemical exploration still remains in wide usage to this 
day, and advancements in modern analytical trace element instrumentation, which has 
brought about improvements in detection, selectivity, and specificity capabilities, has 
found new avenues for this area o f investigation. Subsequently, the principles of 
biogeochemical prospecting have been applied to the exploration o f many minerals 
previously believed to exist at too low a level in vegetation to be successfully studied 
using this technique.
4.4.2. Indicator Species in Biogeochemical Exploration
Many of the elements in the periodic table have been determined in vegetation. For 
each of these elements there is at least one species capable of concentrating it to a high 
degree. Therefore, it can be stated that certain species or groups o f plants can 
accumulate various elements to an appreciable level. Over ore deposits this enrichment 
can be even greater, such that in many cases the ash o f the plant contains more o f the 
element than the associated soil. An evaluation o f the enrichment coefficients of 
various plants gives an indication of the behaviour of the species when growing over 
mineralised terrain. Table 4.2 shows a list o f indicator species for various elements 
[Brooks, 1972]. In nearly all cases the maximum values are at least an order of 
magnitude higher than the background levels.
Indicator communities, or 'characteristic floras', will not in themselves 
necessarily indicate mineralisation, but will often serve to characterise regions where 
certain types of minerals are likely to occur. Examples o f this are the use o f serpentine 
floras for locating chromite deposits [Lyon et a l,  1968], or the study o f selenium 
floras which can indirectly show the presence of uranium mineralisation, since this 
element is frequently associated with selenium [Cannon, 1957]
Table 4.2- Elemental accumulation by indicator species after Brooks, 1972.
Element Species
Concentrations (pg g i ash wt.) 
Background M axim um 
Levels C ontent
Co Crotalaria cobalticola 9 18000
Cu Becium homblei 183 2500
Mn Fîicus vesiculolus 4815 90000
Ni Alssum bertolonii 65 100000
Se Astragalus pattersoni 1 46000
Zn Thlaspi calaminare 1400 10000
4.4.2.1. Plant-Substrate Correlation 
According to some authors:
'the biogeochemical method ofprospecting fo r  mineral deposits depends on the ability 
o f plants to take up elements in amounts that reflect their concentrations in 
supporting substrates, which in turn have been influenced by nearby mineral deposits' 
[Cannon, 1960a],
The ultimate justification of the efficacy of the biogeochemical method lies in 
statistically significant plant-soil or plant-groundwater relationships involving elemental 
abundances. Various authors have demonstrated that plant-soil correlations for gold 
are often not particularly good, although an overall pattern usually does exist [Kitayev 
and Zhukova, 1980].
The problem here is to equate 'substrate' with soil, which may not necessarily 
be the case. The substrate may also include the underlying bedrock or even the water 
table. If  metal concentrations between plants and associated soils were strongly 
correlated, there would be little need to sample plants. However, it has been suggested 
that on an overall comparison the soil-plant relationship may be good [Kitayev and 
Zhukova, 1980]
4.4.2.2. The Biogeochemical Cycle
The accumulation of elements in the upper humic layer of soils is largely a function of 
the vegetation cover and is an immensely important factor in biogeochemical 
prospecting. In essence, the mechanism involves the uptake of elements by the root 
system, their passage through the aerial parts of the plant, and final deposition o f the 
metal complexes in leaves or wood. As the leaves fall and wither, the more soluble 
components such as carbonates of the alkali and alkaline earth metals, sulphates, 
phosphates, and humic complexes of iron and manganese are leached by rain water and 
recycle through the soil profile. Sparingly soluble or insoluble compounds and 
complexes of other metals such as hydroxides and protein or humic complexes are 
retained in the humic horizons o f the soil.
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The cumulative effect o f this process is to produce a very significant enrichment of 
certain elements in the topmost layer of the soil. Humic layers become particularly 
enriched in elements such as arsenic, beryllium, cadmium, cobalt, germanium, gold, 
lead, manganese, nickel, scandium, silver, tin, uranium and zinc. The preferential 
enrichment of certain elements by plants, known as the ‘Goldschmidt enrichment 
principle’ describes the ability o f a plant to accumulate an element to a level higher 
than it is found in the associated substrate [Goldschmidt, 1937]. The plant/substrate 
ratio of an element is a measure of the biogenic characteristic o f that element. 
Elements which are accumulated without requirement are referred to as ballast 
elements.
The main requirement o f successful biogeochemical prospecting is that the 
plant species selected for the project should accumulate the element concerned in a 
reproducible manner and that the degree of accumulation should be in direct 
proportion to the concentration of the element in the soil. Such a situation is seldom 
found under natural conditions, although some plants can approach this ideal fairly 
closely. Provided that the contrast between background and anomalous concentrations 
is sufficiently great, it is probably true that all the vegetation in a given area will reflect 
mineralisation to some extent.
4.4.3. Bryophytes as Biomonitors in Biogeochemical Exploration
Bryophytes (mosses and liverworts) and lichens possess a very high capability o f 
absorbing trace elements from the substrate upon which they are growing and will 
often tolerate adverse ecological conditions to a much greater degree than vascular 
plants. The accumulation o f trace elements by bryophytes is usually much greater than 
for other plant groups and has been demonstrated by the extensive studies carried out 
using bryophyte species [LeRoy and Koksoy, 1962; Lounam aa, 1965; Schacklette, 
1967]. Specialised types of bryophytes are the so-called 'copper mosses' which are 
reputed to grow only on substrates rich in copper. Copper mosses belong mainly to 
two genera: Mielichhoferia and Merceya.
There has been controversy over many years as to whether the response o f 
copper mosses is directly to this metal itself or whether it is a function o f the pH or 
sulphide content of the related substrate [Schatz, 1955]. However, extensive analyses 
o f mosses and their substrates strongly suggest copper as the controlling element and 
suggest that sulphur does not play a role in affecting the distribution o f these 
bryophytes [Shacklette, 1967].
Although most of the existing information on elemental accumulation by 
bryophytes is confined to land forms only, there is some evidence that aquatic 
bryophytes are able to accumulate elements from their environment to a higher degree 
than their terrestrial counterparts [Piiustjarvi, 1956, 1968]. Thus, analysis of the 
aquatic bryophytes may give an indication of the elemental levels in the water, and 
hence, indirectly, provide some indication o f the mineralisation in the region from 
which the water originated. Indeed, aquatic bryophytes have been successfully
Biogenic implies that either the element has a physiological role in the species concerned or that it is 
concentrated to an appreciable degree.
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employed in New Zealand to locate uraniferous ground [W hitehead and Brooks, 
1969].
4.4.4. Biogeochemical Exploration Suiweys
The following discussion concerns the recommended procedures for carrying out 
biogeochemical orientation and exploration surveys and includes the necessary basic 
information to perform a biogeochemical exploration study.
4.4.4.1. Selection o f a Site fo r  an Orientation Survey
There are several important criteria that must be considered, namely:
I. the survey area should contain a diversity o f species. The apparent success 
of the orientation survey will depend largely on the contrast between 
background and mineralisation in the test area;
n. it will be desirable that anomalies within the test area have equal or higher 
elemental concentrations than the background site;
III. the site should be climatically, ecologically, geologically and
geomorphologically representative of the whole area which is to be 
surveyed.
4.4.4.2. Selection o f Plants for Testing
Although virtually all the vegetation in an intra-zonal biogeochemical province will 
give some indications o f mineralisation, great care must be taken in selecting the most 
favourable species from the plant assemblage. The abundance o f plants is o f great 
importance since it is essential that those selected for the survey should be obtainable 
at most sampling sites throughout the whole area; otherwise, there will be gaps in the 
sampling network.
There are other considerations besides abundance in the selection o f plants for 
further testing. For instance, care should be taken that the chosen species are not too 
large. A very large tree will often not have leaves or twigs within easy reach o f the 
ground or those that are available may be light-starved producing spindly growths 
atypical of the main branches further up the trunk. The opposite extreme is also to be 
avoided. Where bryophytes are employed for the exploration survey, the worker 
should ensure that the associated substrate should also be removed, whether this be 
soil, bark, or other species of plants.
4.4.4.3. Selection o f a Sampling Pattern
The selection of a sampling pattern will be dictated mainly by the topography and the 
supposed size and shape of the anomaly or anomalies in the area. The smaller the size 
of a dispersion halo or anomaly, the closer together the traverse sampling lines will 
have to be. A square grid or rectangular pattern is desirable since these are easier to 
survey.
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It is preferable that the grid pattern should be so arranged that about one third of the 
points will lie on background, one third on moderately mineralised ground and the 
remainder on anomalous terrain.
4.4.4.4, Methods o f Sampling
The amount of vegetation collected should be sufficient to provide about 10-30 g o f 
dry material; this would relate to the sampling o f approximately 100 g of fresh 
vegetation. The samples should be collected at various points to provide a composite 
sample inside the area o f investigation. Soil samples should be taken from various 
points around the base of each plant at a depth of approximately 10 cm.
As far as possible, plants and soils should be collected over the whole o f the 
pre-determined area o f investigation. The operation should also be carried out over a 
limited number o f days to prevent prevailing weather conditions and change in climate 
affecting the consistency o f sampling conditions.
The technique o f biogeochemical exploration for mineralisation has been 
employed to locate many differing ore deposits. However, the most widespread use of 
the technique has been in the search for gold mineralisation.
4.5. Biogeochemical Prospecting for Gold
4.5.1. History
The first recorded use o f vegetation for gold prospecting took place around the turn of 
the century [Liiiigwitz, 1900]. However, many of the results published at this time 
were found to be as high as 610 pg g"  ^ (ash wt.). At such levels it may be suggested 
that various errors had arisen throughout the work. The number o f publications 
describing the methodologies and applications to 'field' studies dwindled until more 
sensitive analytical techniques were developed. It was not until the late 1970s that the 
subject area of biogeochemical prospecting for gold re-emerged owing to the advent o f 
techniques such as instrumental neutron activation analysis (INAA) and electrothermal 
atomic absorption spectrometry (ETV-AAS). Table 4.3 shows a brief list o f 
biogeochemical prospecting studies for gold performed using these techniques.
It can be seen from Table 4.3 that the most popular analytical technique 
employed over this period of time was INAA. The excellent sensitivity o f INAA, 
coupled with the advantage that no sample dissolution is required made this technique 
ideal for the analysis of gold in plant materials. Furthermore, the levels o f gold 
determined in the various species and plant organs employed in these studies display a 
wide range in concentration spread, ranging from background levels o f less than 1 to 
200 ng o-\ (ash wt.) to values, from areas of known auriferous content, o f 55 to 1420 
ng g-i (ash wt.).
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Table 4.3- Studies carried out on biogeochemical prospecting for gold.
An levels (ng g-i ash wt.)
Shoots INAA 1.6 55 Girling & Peterson, 1978
Bryophyte ETV-AAS 200 1380 Ward & Brooks, 1978
Moss INAA 3.44 95 Girling a/., 1979
Tree INAA 2.5 56 Warren & Barakso, 1982
Twigs INAA 10 50 Dunn, 1986b
Tree INAA 70 1420 Erdman e / ûf/., 1986
Leaves INAA 1.3-2.5 24 Val ente e /a /., 1986
Leaves INAA 2.0- 2.2 7.1- 17.3 Cohen e/ûf/., 1987
Whole plant ETV-AAS 0.5 99 Reading e /a /., 1987
Leaves ETV-AAS 10 410 Pulkkinen «/., 1989
4.6. Investigation Site: Grampian Highlands of Scotland
The following brief description provides some information on the location, mining 
history, local and regional geology, and mineralogy o f the investigation site.
4.6.1. The Cononish Gold-Silver Deposit, Grampian Highlands o f Scotland
The Cononish deposit is situated in the Grampian Highlands, 4.2 km to the southwest 
of Tyndrum Village, Perthshire, and 90 km by road northwest o f Glasgow (see Fig. 
4.4). The deposit underlies a smooth hillside 400-600 m forming the southwest 
shoulder of Beinn Churin. Exploration carried out by Ennex International Pic., between 
1988 and 1990, at national grid reference NN 2915 2862 comprised o f level 
development o f 1100 m and 174 m of inclined raises almost entirely within the Eas 
Anie Structure. A northeasterly-trending fracture zone which hosts both the auriferous 
Eas Anie Vein and a later, non-auriferous vein termed the Lower Adit Vein were 
identified. Consequently, the gold-silver vein was found to be 0.2-6.0 m thick and over 
7 km strike-1 ength and up to 0.5 km below surface within a fault structure traceable for 
2.5 km. The underground exploration undertaken between 1988 and 1990 defined a 
deposit o f 0.75 Mt grading 7.99 g f ' Au (cut), 9.85 g f  Au (uncut), and 42.99 g f  Ag. 
Of this, 514000 t were found to be mineable at a cut and diluted grade o f 9.42 g f ' Au 
and 52.91 g f ' Ag. The fault trends 050°, terminating north-eastwards against a barren 
quartz vein, called the Mother Reef. Quartz veins containing visible gold were first 
located at the near-surface intersection of the fault structure with the Ben Eagach 
Schist. This description is shown visually in Fig. 4.4.
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4.6.2. M ining H istoiy o f the Grampian Highlands Region 
■
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Table 4.4- M inerai occurrences num bered from north to south in Fig. 4.5 after 
Stephenson and Gould, 1995.
N um ber Name Type* Mineralogy*
1 Stotfield G Gl
2 Littlemill C Cp, PGM, Pn, Po
3 Balfreish F Bt
4 Arthrath C Cp, PGM, Pn, Po
5 Kelman Hill C PGM, Po
6 Rliynie E (As, Au, Sb)""
7 Lecht B Mx
8 Gairnshiel D Bm, Ct, FI, Mb, Sp, Wo
9 Abergain H FI, Gl, Sp
10 Coire Loch Kander A Bt, Gl, Sp
11 Duntanlich A Bt, Cn, Sp, Gl
12 Ben Eagach A Bt, Cn, Sp, Gl
13 Foss A Bt, Cn, Sp, Gl
14 Glen Lyon A Gl, Sp
15 Calliachar Burn H Ap, Cp, Gl, Go, Sp
16 Loch Lyon A Bt, Cn, Gl, Sp
17 Tommadasham D Ap, Bm, Cp, Mb, St
18 Corrycharmaig C Ch
19 Corrie Buie H Bm, Cp, Gl, Go, Sp
20 Auchtertyre A Cp, Gl, Mb, Sp
21 Tyndrum H Bt, Cp, Gl., Sp, Tt, Ur
22 Cononish H Cp, Gl, Go, Sp, Te
23 Lagalochan D Ap, Cp, Gl, Go, Sp, St, Te
24 Coille-braghard A Po, Cp
25 McPhun’s Cairn A Cp, Gl, Sp
26 Kilmartin H Cp
27 Meall Mor A Cp, Gl, Sp, St
28 Mulreesh H Cp, Gl, Sp
: Types of metalliferous mineral occurrence:
A- Dalradian stratabound; B- manganese; C-associated with basic and ultramafic 
rocks; ; D- associated with granite and diorite; E- epithermal; F- hosted by Middle 
Devonian sedimentary rock; ; G- hosted by Permo-Triassic sedimentary rock;
H- vein 
*: M inerals:
Ap- arsenopyrite; Bm- bismuth minerals; Bt- baryte; Ch- chromite; Cn- celsian; 
Cp- chalcopyrite; Ct- cassiterite; FI- Fluorite; Gl- galena; Go- gold;
Mb- molybdenite; Mx- manganese oxides; Pn- pentlandite; PGM- platinum group 
minerals or elements; Po- pyrrhotite; Sp- sphalerite; St- stibnite; Te- telluride 
species; Tt- tetrahedrite; Ur- uraninite; Wo- wolfamite 
Brackets indicate chemical elements
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4.6.3. Regional and Local Geology
4.6.3.1. Stratigraphy
The regional stratigraphy comprises metasediments o f the Dalradian Supergroup 
ranging upwards from Grampian through Appin and Argyll Groups. Host rocks for 
gold are mainly psammites of the Appin Group transitional with psammites of the 
underlying Grampian Group. Younger rocks of the Argyll Group lying southeast o f the 
fault rarely contain metalliferous veins. The younger metasediments are lithologically 
more diverse, including graphitic pelites, semipelites, amphibolites and laminated 
quartzites. [Harris and Pitcher, 1975]. Rocks o f the Dalradian Supergroup are 
considered to be the principal reservoir o f metals in the Grampians region 
[Stephenson and Gould, 1995]. Table 4.5 shows the stratigraphie succession in the 
deposit area.
Table 4.5- Regional and Cononish deposit stratigraphy after Earls et al., 1992.
Established succession Deposit succession
Argyll Group Ben Eagach schists 
Dalmally quartzite
Alt an Rund pelitic Formation 
Hickey Formation
Appin Group Leven schist Cliff Pelite Member 
Mixed Member 
Upper Adit Psammite Member 
Calcareous Member
Glen Coe quartzite Lower Adit Psammite Formation
Grampian Group Eilde Flags Portal Psammite Formation
The Portal Psammite is a poorly laminated quartzofeldspathic psammite with 
thin pelitic partings. It is medium- to coarse-grained and is believed to belong to the 
Grampian Group. This is succeeded by the Dalradian Lower Adit Psammite, the base 
of which is taken as the lowest development o f well laminated psammites. It is 
characteristically striped with 5-10 cm thick beds of pale psammite alternating with 
impure psammite, capped by a 1-2 m pale equigranular psammite followed by 5m of 
pelite. The lower Adit Psammite is usually 25-30 m thick. The succeeding Calcerous 
Member is a biotite (or chlorite) pelitite containing a buff coloured carbonate contour 
as contorted veinlets up to 0.5 cm in width. It thickens from 8 m in the northeast to 25 
m in the southwest of the deposit area. Overlying the Calcerous Member is the Upper 
Adit Psammite Member which consists o f well laminated psammite with subsidiary 
pelites, being typically fine- to medium-grained and is 15-30 m thick. The overlying 
Mixed Member is 10-20m thick with it’s main constituent being pelite (up to 50%), 
interbedded with psammites up to 1 m thick. Above this is the Cliff Pelite Member 
which is 45-50 m thick. It comprises of alternating pelites and semi-pelites with some 
amphibolite units and rare psammite. Chloritic and garnetiferous horizons are also 
common.
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The highest formation in the deposit succession is the Hickey Formation which is a 
quartz-semipelite and is characterised by thin beds containing 1-2 mm quartz grains. 
Stratiform amphibolites are also common. The upper part o f the formation is more 
pelitic and in places graphitic, possibly transitional with the Alt an Rund graphitic 
pelites.
4.6.3.2. Metamorphism
During the Caledonian Orogeny, the Dalradian sediments were subjected to intense 
nappe-style folding accompanied by regional dynamothermal metamorphism. In the 
Cononish area biotite and garnet are developed, thereby defining lower amphibolite 
facies. In the vicinity o f the mineralised veins, retrogressive metamorphism caused by 
hydrothermal activity has resulted in the destruction of biotite and garnet and the 
formation o f chlorite.
4.6.3.3. Igneous Rocks
There are three main types of igneous rock present in the deposit area; amphibolite 
sills, late Caledonian dykes, and Permo-Carboniferous quartz-dolerite dykes.
A suite of concordant, foliated amphibolite horizons are present in the 
metasediments, particularly within the Hickey Formation and the Cliff Member. 
Amphibolites are poorly developed or absent within the underlying more psammitic 
formations. The Eas Anie Permo-Carboniferous quartz-dolerite dyke (about 20 m 
wide) forms the hangingwall to the Eas Anie Vein 70°-80° SE. The regional trend o f 
the dyke is 090°. It has a well-developed chilled margin which occasionally contains 
anomalous gold and silver values, attributed to remobilisation from, or assimilation of, 
the Eas Anie vein.
4.Ô.3.4. The Eas Anie Vein
The Eas Anie vein is developed preferentially within the Eas Anie Structure. The Vein 
has been traced for 423 m on the 400 m level, and for 48 m and 63 m in raises. There 
is a continuum from a quartz vein through a breccia (containing >50% quartz) to 
metasomatically-altered and veined wallrock. Breccias occur more commonly in the 
footwall and the vein can grade into a breccia along strike and down dip.
The overall strike of the vein is 050°, with its width widest (6 m in a crescent­
shaped dilation zone) where the strike is 050°-060° and thinnest (approximately 1.3 m 
wide zone) where it is 040°-050°. The geometry of the dilation zones imply a complex 
history of movement, which is reflected in the recurrent brecciation and sealing o f the 
quartz-sulphide mineralisation.
Fig. 4.6 shows the geological map for the region of interest in the Grampian 
Highlands.
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Fig. 4.6- Regional geological map of the G ram pian Highlands after Stephenson
and Gould, 1995.
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4.6.4. Cononish Structure
The Cononish structure can be traced from the cliff face at Eas Anie Gorge southwest 
for 1.5 km to Alt an Rund. It lies approximately 1 km northwest of the major Tyndrum 
fault. The structure cuts a diverse sequence o f metasediments, dominantly psammitic at 
the base and becoming generally more pelitic upwards. The sequence also contains an 
impure limestone and lenticular horizons of amphibolite, probably metamorphosed 
basic sills. An east-west dolerite dyke of probable Carboniferous age cuts the structure.
In detail, the structure consists o f a single main quartz-sulphide vein with 
subsidiary stringers and veinlets developed within a series o f braided fractures. In 
general, a clear-cut geometrical relationship does not exist between the veining and the 
country rock; in most cases the central part o f the veins are pure quartz (+ sulphide), 
however, in some places inclusions of the country rock occur near the margins o f the 
veins, which commonly grade into quartz-healed breccia zones. The structure generally 
dips 070° to the southeast and steepens within the more psammitic units and towards 
the west, where it approaches the vertical.
4.6.5. M ineralisation
Two generations of mineralisation were discovered within the Cononish deposit, an 
early ‘mottled’ quartz and a later ‘vuggy’ quartz phase,
4.6.5.1. Mineralisation 1
This was the only generation to host economic gold values and is contained within the 
Eas Anie Structure (vein width of 0.2- 6.0 m), but is not restricted to it. Visible gold 
(1-2 mm) was occasionally observed in this phase, and the average tenor o f the mottled 
quartz was found to be 10-30 g f ' Au possessing a gold:silver= 1:4.5 [Parker et a l, 
1989]. The ratio displays a crude zoning with the higher portion o f the vein generally 
having a higher silver content than the lower portion. The gold occurs in the pyrite and 
galena with chalcopyrite, sphalerite and minor amounts of haematite, covellite, 
tellurides and native silver present. Essentially, the mineralisation consists o f three 
phases and four types of quartz-sulphide mineralisation:
(i) Early white quartz  with pyrite, chalcopyrite and galena. This is the 
main auriferous and argentiferous phase with gold grades visually 
correlated with sulphide abundance and particularly galena. This phase 
consists o f opaque white quartz containing, in order o f decreasing 
abundancy; pyrite, chalcopyrite, galena, and sphalerite. Minor phases are 
haematite, covellite, tellurides, electrum, native gold and native silver. Gold 
grains as large as 100 pm have been removed but are usually less than 20 
pm in size.
(ii) Grey pyritic quartz. This phase forms fracture fillings and the matrix to 
early white quartz breccias. Associated gold values are typically less than 1 
g f ' Au and rarely exceed 5 g f ‘.
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(iii)Mottled quartz. This phase is representative of brecciated early white 
quartz healed by a grey pyritic quartz matrix, hence the appearance o f
mottling.
(iv)Late white quartz. This is a phase of non-sulphidric white quartz which 
forms a matrix to brecciated early white quartz.
4.6.5.2. Mineralisation 2
This generation of mineralisation is similar in character to that o f the first 
mineralisation but are generally devoid of sulphides and gold values, thus it is not a 
host to economic gold values. The quartz is accompanied by galena, chalcopyrite, 
sphalerite, barite and carbonates, and is more glassy and translucent than mineralisation
1. Sulphides that do occur are in the form o f late cavity fills and are typically coarse­
grained in contrast to the fine-grained sulphides of mineralisation 1. Furthermore, 
pyrite is virtually absent at this mineralisation, in complete contrast to the first 
mineralisation.
Table 4.6 provides a list of the elemental composition of the various minerals 
present in this region.
Table 4.6- Elemental composition of the minerals present in the Cononish 
region.
M ineral Elemental composition
Primaiy metallic minerals
Chalcopyrite CuFeSz
Electrum AuAg
Galena PbS
Gold (native) Au
Pyrite FeS,
Sphalerite ZnS
Secondary metallic minerals
Covellite CuS
Haematite FezOa
Silver (native) Ag
Non-metallic gangue minerals
Barite BaSO,
Calcite CaCOa
Chlorite (Mg,Fe,Al),z(Si,Al)sOzo(OH)s
Quartz SiOz
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4.6.5.3. A Iteration
Mineralisation 1 is characterised by hydrothermal wallrock alteration which is 
controlled by the permeability o f the rock and forms haloes following fractures and 
joints. Three zones of alteration were observed:
I. An outer zone of chloritized garnet and biotite.
II. A bleached middle zone, typically buff coloured, caused by sericitization of 
chlorite.
II. A reddened inner zone, often silicified and occasionally containing fine­
grained pyrite. Clasts o f reddened psammite occur within the early white 
quartz, indicating that alteration preceded mineralisation 1 veining.
Mineralisation 2 has only minor bleaching and chloritization associated with 
them. Table 4.7 shows a summary of the sequence of mineralisation at the Cononish 
deposit.
Table 4.7- The sequence of mineralisation a t Cononish after Earls et a l,  1992.
M ineralisation Alteration Structural event
Mineralisation 1
Vuggy quartz with 
coarse galena, 
chalcopyrite, 
sphalerite and calcite
Mineralisation 2
Chloritization Intrusion o f quartz-dolerite dyke
White quartz Faulting
Grey pyritic quartz Reddening Faulting
introduced into Eas Anie 
Structure as vein phase 
and breccia matrix fill to
Pyritization
produce mottled quartz '
White quartz with pyrite, 
galena, chalcopyrite and 
sphalerite
(main auriferous phase)
Reddening Faulting
4.6.6. O ther Types of M ineralisation
Not including vein and Dalradian stratabound deposits, at least six other types of 
mineralisation are recognisable in the Grampian Highlands. Both Iron and manganese 
have been worked at the Lecht from goethite and cryptomelane deposits in post- 
Dalradian explosive-intrusion breccias. Stratiform manganese-rich garnet intersected in
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Argyll Group pelitic metasedimentaiy rocks adjacent to the worked breccia deposits 
represents a potential source of manganese.
The basic and ultrabasic rocks o f the region contain nickel-copper sulphides, 
elevated values of the platinum-group elements and ilmenite. Serpentinite at 
Corrycharmaig lies at the base o f the Ben Lui Schist (Crinan Subgroup), in a similar 
way to the chromian mineral horizon near Auchtertyre. Complex platinum-bearing 
grains intergrown with nickel arsenide are reported from another serpentine at Kelman 
Hill. Massive pyrrhotite, accompanied by pentlandite and chalcopyrite, is up to 20 m 
thick in the Littlemill ore zone and can contain up to 3% Ni, 6.5% Cu together with 
traces o f platinum, palladium and gold.
Metalliferous minerals are known from the many of the Caledonian granitic 
bodies in the Grampian Highlands, however, none of the occurrences are o f economic 
significance. Small amounts of copper were extracted last century from a diorite mass 
at Tomnadashan. Sulphides are concentrated at the edges of lenses o f granodiorite and 
granite within the mass; calcite, quartz, siderite and baryte are associated minerals. 
Recently a rich mineralogy has been described from an outcrop of granite west of 
Ballater. Wolframite, cassiterite and scheelite were found in quartz veins and their 
silicified wallrocks. A second assemblage infilling cavities in the veins and dissolution 
zones in the granite comprises either molybdenite or sphalerite with pyrite, 
chalcopyrite and cassiterite, together with rare stannite and argentiferous cosalite.
The porphyry and breccia complex at Lagalochan near Kilmelford also exhibits 
a wide range of mineralisation. An early hypogene stage of Cu-Au mineralisation is 
associated with breccias and granodiorite-diorite intrusives. Electrum (55-94 % Au) 
forms irregular inclusions up to 100 pm in size in pyrite and chalcopyrite. 
Subsequently, a Pb-Zn-Ag-Au-As-Sb suite developed as veins and disseminations in 
shear zones cutting porphyry breccia. Locally high silver values are related to 
inclusions o f argentiferous tetrahedrite, lead-antimony sulphosalts and native silver in 
sphalerite and in galena which is itself non-argentian. A third phase o f mineralisation is 
represented by Pb-Zn-Ag carbonate veins.
Small but distinctive amounts o f Au, As, and Sb occur in altered lavas and 
plant-bearing siliceous sinter at the faulted western margin of the Rhynie outlier of 
Lower Devonian rocks. The alteration and metalliferous enrichment are escribed to 
epithermal hot spring activity related to a nearby volcanic vent which is developed in 
the final stages of Caledonian magmatism. The Rhynie deposit is the only example of 
epithermal gold concentration known in Britain.
4.6.7. Sum m aiy of the Gold-Silver Deposit a t Cononish
The Cononish gold-silver deposit occurs within a northeast-southwest-trending quartz- 
sulphide vein structure hosted by Lower to Middle Dalradian psammites and pelites. 
Two phases of quartz veining were identified; an early auriferous mottled quartz and a 
later vuggy quartz absent of gold values.
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4.6.8. Sample Location: Cononish Valley
The main area of investigation involved the application of a geobotanical map of 
several sites located in the Cononish Valley in the West Highlands of Scotland. All of 
the sites surround a gold mine located some 350 m to the east of Eas Anie above 
Cononish Farm, and at the head of the middle valley at an elevation of 350-410 m. The 
area lies on a sloping topography of moorland (blanket mire and acid grassland 
vegetations) with an east through to south east aspect. Much of the surrounding land 
is of a similar nature, but to the west the slopes rise steeply to the broken slopes of 
Beinn Churin and the impressive chasm of Eas Anie. The Cononish Valley is some 8 
km long and can be divided into three zones o f differing character;
I. the lower valley opens out into Strath Fillan where the river
Cononish joins Crom Allt to become the River Fillan. Here the river 
meanders and has some tree and shrub vegetation along its banks.
The valley is wide with a few steep containing slopes and westwards it 
rises through a series of undulating hillocks and moraines. Here there is a 
good proportion of tree cover (some broadleaf), the most notable being 
the remnant Caledonian pine forest o f Coille Coire Chulic;
n. the middle valley rises above the hilly eastern end to become broad
and flat, rising gently to the west. Containing slopes become steeper and 
higher towards Cononish farm. The slopes of these hills are densely 
afforested with young conifer plantations and there is a small amount of 
scrub in places along the river;
in. beyond Cononish Farm the valley sweeps south west round the slopes of 
Beinn Chuirn, becoming narrower and dominated to the south by the 
craggy northern slopes of Ben Oss (1028 m) and Ben Dubhcraig (977 m). 
The upper valley, although still not rising steeply has a wilderness 
character not attained lower down. There is neither habitation nor 
significant tree cover. The valley finally splits at the foot of Ben Lui, the 
western branch rising to a pass on the mountain's northern shoulder, with 
the southern branch occupying the steep sided valley between Ben Lui 
and Ben Oss.
All three of these areas described were employed in the sample regime adopted 
in this study. Thus, in summary most, o f the vegetation types and their constituent 
species at Eas Anie are widespread at similar altitudes throughout the Scottish 
Highlands. The cliff and scree vegetation between 440-580 m, especially to the south 
of Eas Anie includes the richest flora.
4.6.9. M apping Scheme
After a conversation with the owners of Cononish Farm and the lands contained 
therein (Mr. and Mrs. John Burton) and extensive discussions with Mr. Andrew of the 
Nature Conservancy Council for Scotland, three separate areas of geochemical interest 
were indicated: a known mineralised region where gold mining has been carried out 
for some years (i.e. sample site 1); a region of exploration on the side o f Ben Lui
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facing Cononish valley and intersected by the burn Coire Ghaothaith where it is 
suspected future gold values could be extracted (i.e. sample sites 2 and 3); and an area 
of known non-mineralised content (i.e. sample site 4). Consequently, four sampling 
sites were selected for exploration..
4.6.9.1. Sampling Site 1
This site proved to be the hardest to map, the reasons including, the large area that 
needed to be covered, the undulating nature o f the terrain, the steepness of the slope 
itself and the prevailing weather conditions.
It was decided, using the principles o f geobotanical surveying [Brooks, 1972], 
that the region would be partitioned into square surface areas, starting approximately 
60 m up it's slope from the access track and directly opposite the meeting point o f the 
River Cononish and the Allt an Rund. Essentially this grid system traversed around the 
steep bank toward the gold mine located near Eas Anie.
Horizontally, markers (i.e. cane sticks with marker tags) were set at distances 
approximately 100 m between each ordinate (labelled A-E) working along the line of 
the access track toward Cononish Farm. Vertically, the same regime was implemented 
with again 100 m intervals between each ordinate (labelled 0-3), thus producing 100 m 
square grids.
4.6.9.2. Sampling Sites 2 and3
These were located on either side o f the burn (stream) Coire Ghaothaith running down 
the Cononish Valley facing the side o f Ben Lui toward the Allt an Rund. This, again 
was a very difficult area to map using a square grid pattern. The area is part o f the 
North Argyll Reserve of the Nature Conservancy Council for Scotland.
Two square grid patterns were set up on either side of the burn, using a similar 
marking scheme as used in sampling site 1. However, due to the smaller area being 
mapped and the larger gradient of the face, horizontal and vertical markers, labelled A- 
D and 0-3 respectively, were again placed at 100 m intervals.
4.6.9.3. Sampling Site 4
This area of sampling was chosen as a background location approximately 40 m along 
the valley from the meeting of the River Cononish and Allt an Rund. A similar square 
grid pattern, labelled A-D and 0-3, was employed as in sampling sites 2 and 3, again at 
100 m intervals between co-ordinates.
Fig. 4.7 shows the location of the sampling sites and the mapping protocol 
employed.
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Fig. 4.7- M apping regime employed for the investigation site.
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4.6.10. Removal of Vegetation
At each co-ordinate a 5 m square area was sampled and any bryophyte species 
(generally 5 to 8) within the locale were sampled and identified (this was done with the 
aid o f an experienced bryologist). The species were mixed together to form a bulk 
composite sample for this sampling co-ordinate. The samples were then stored in 
plastic bags. Each sample bag was identified with the sampling site number, the exact 
co-ordinate of the species and the species name itself. However, the use of plastic bags 
does have it's drawback, in so much as the moisture that has collected in the matrix 
during prolonged rainfall is retained within the plastic bag and given the warm, humid 
conditions within the container the material will quickly fungus over and become 
useless for any analytical investigations. Therefore, after removal from the site, the 
samples were placed on top o f paper towels and aerated for several hours. 
Furthermore, paper towels were placed over the samples to prevent fallout 
contamination from the air).
4.6.10.1. Bryophyte Species Collected
As many bryophyte species as possible were collected from the sampling locations, 
giving an indication of the inter-species variation within the area. At each sampling site 
the bryophytes removed were identified by an on-site bryologist before storage. In 
general, the bryophyte species removed consisted o f approximately 200g o f wet plant 
material and were combined to produce a composite sample for each sampling co­
ordinate.. The samples were completely removed from their substrate, and were found 
to be intact and healthy specimens. Table 4.8 shows the species collected and a 
breakdown of the characteristics of each bryophyte.
4.6.11. Removal of Substrate
Owing to the climatic conditions, the time o f year (early spring) and the nature o f the 
plant materials removed from the investigation site, it was not always possible to 
remove the associated substrate o f the bryophyte samples (under these conditions the 
substrate is equated with soil material). Therefore, soil samples were removed, where 
possible, from each sample site from a depth o f approximately 30 cm, as recommended 
in the literature [Brooks, 1972], and a composite sample prepared (approximately 10 
g). Soil samples were stored and labelled in a similar manner to that o f the plant 
materials.
4.6.12. Sample Pre-treatm ent
During the three day period of stay in Scotland the samples were kept in their plastic 
bags and as often as possible the bags were opened to aerate their contents. Thus, on 
arriving back to the laboratory (one day later) the materials were removed from their 
bags and washed thoroughly in distilled deionised water to remove any substrate 
particulates adhering to the surface of the sample. The samples were then placed on 
absorbent paper towels to assist the drying process, with the empty bag placed 
adjacent to the species. The samples were allowed to dry naturally over a five day 
period at an ambient room temperature (approximately 22° C). The samples were
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prepared and digested according to the methodologies developed in CH APTER H 
and analysed by ICP-MS.
Table 4.8- Characteristics of each species collected.
Species name Characteristics
Andreaea rothii
AntUrichia cnrtipendula
Aidocomhim palustre 
Brevtelia chrysocoma
Campylopus paradoxus
Dicrammi scoparhim
Diplophyllum albicans
Drepanocladus revolvens
Hylocomium splendens
Hypmim cupressiforme 
Isothecium mysuroides 
Pleurozium schreberi
Polytrichum alpestre
Polytrichum commune
Polytrichum formosum 
Racomitrium lanuginosum
Rhytidiadelphus squarrosus 
Sphagnum auriculatum 
Sphagnum capillifolium
A common species found on periodically irrigated 
rocks; most common on 'acid' rocks but fairly 
undemanding in its ecological requirements.
An uncommon species on open rocks and trees, 
particularly isolated large boulders; usually where the 
rock is at least mildly basic.
A common plant o f areas of impeded drainage usually 
associated with Sphagnum.
A common species found on irrigated slopes usually 
where there is a tendency towards ericaceous heath 
vegetation.
A very common species found on organic soils, often 
on peat.
A very common moss found on rocks and soils that 
are not permanently waterlogged.
A leafy bryophyte that is often abundant on shaded 
mineral soils but also occurs on peat.
A common constituent found on areas of vegetation 
which are permanently waterlogged.
An abundant species of grassy and heathy vegetation 
at all altitudes.
An abundant species of drier grassland and rocks.
A common species found on rock surfaces.
An abundant species found on grassy and heathy 
vegetation at all altitudes.
A common constituent of hummock vegetation in 
Sphagnum bogs.
An abundant species in a variety o f habitats, usually 
where the soil is permanently or periodically 
waterlogged.
A common plant o f drier sites than Polytrichum 
commune, usually on 'acid' soils.
An abundant species found on both rock surfaces and 
drier substrates in degraded peatland and montane 
heath.
An abundant plant found on grassland; most lawns in 
this country probably contain this species.
A plant found at various habitats here growing in 
fairly 'acid' flush bogs.
A common constituent found on areas o f vegetation 
which are permanently waterlogged.
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4.7. Results
4.7.1. Gold Uptake Profiles
The technique o f geobotanical and biogeochemical exploration coupled with the 
analytical protocol developed for the analysis o f gold in environmental samples by ICP- 
MS were applied to plant and soil samples collected from the study site at the West 
Highlands o f Scotland.
4.7.1.1. Sample Site 1
Fig. 4.8 shows the distribution of gold concentrations in all the bryophyte species 
removed from sample site 1 and a breakdown o f the plant/substrate levels for the same 
sampling site. This site was found to be an area o f established auriferous content.
From Fig. 4.8 it can be seen that there exists a wide range in gold concentration 
for the bryophytes removed from this area, i.e. 295 to 910 ng g-i (dry wt.). All the 
bryophyte species removed from this area displayed an appreciable uptake o f gold, 
with levels well above the detection limit (0.27 ng g ') and background values from site 
4 (3 ng g-'). This sampling site is the region of gold mineralisation and has been the 
area for much gold extraction over the years. This is very much reflected in the high 
levels present in the bryophyte species analysed at this site. Substrate gold levels at this 
site exhibited a smaller range in concentration, i.e. 281 to 362 ng g ' (dry wt.). As 
discussed earlier, an important concept in biogeochemical exploration is the 
relationship between elemental levels in the plant and substrate. The ratio o f the two 
values (i.e. the geometric mean for bryophyte samples collected from each co-ordinate 
divided by the geometric mean for the substrate samples collected from the sample 
site) expresses the extent to which the local plant community accumulates the element 
o f interest from it’s immediate substrate. This value then provides an indication o f the 
success of a biogeochemical exploration survey performed on the area o f interest. 
Essentially, using the calculated plant/substrate levels, sample site 1 is segregated into 
three distinct zones;
I. a zone of high levels of gold in the underlying substrate reflected by 
even higher levels accumulated in the bryophyte species growing over
this region. This is demonstrated by the plant/substrate levels for this region 
which lie between 2 and 3. Therefore, the plant material removed from this 
region display enrichment of gold from the underlying substrate;
II. a zone that exhibits an enrichment o f gold from the substrate, where 
plant/substrate levels are between 1 and 2. This region is smaller than the 
area described above;
III. a zone where the bryophyte species display no enrichment o f gold
from the underlying substrate, where plant/substrate ratios are less than 1. 
Again, this region occupied a smaller area than the mineralised region 
described in I.
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It is evident from the above description and from Fig. 4.8 that at site 1 the levels of 
gold observed in the bryophyte species reflect the enrichment o f gold from the 
underlying substrate (i.e. plant/substrate levels greater than 1), showing them to be 
indicator plants for gold mineralisation.
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Fig. 4.8- Gold concentrations and plant/substrate levels for sample site 1.
4.7.1.2. Sample Site 2 and 3
From Figs. 4.9 and 4.10 it can be seen that there exists a wide range in concentration 
levels for the bryophytes removed from this area. Both these sample sites can be seen 
to be areas of anomalous gold levels.
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Fig. 4.9- Gold concentrations and plant/substrate levels for sample site 2.
Again, as with sample site 1, two distinct zones of are apparent. Two areas 
either side of the burn (stream) Coire Ghaothaith running down Ben Lui and splicing 
the area into sample sites 2 and 3 (running along the A-axis in sample site 2 and D-axis 
in sample site 3), exhibit high levels o f gold in the bryophyte species, so much so that 
enrichment of gold occurs from the substrate by the species removed from these 
sampling co-ordinates. Gold levels range from below the detection limit (0.27 ng g ') to 
170 ng g-i (dry wt.) for sample site 2, and from 0.27 to 160 ng g-i (dry wt.) for sample 
site 3. Approximately, half the species removed from these sampling sites display gold 
levels either below 0.27 ng g ‘ or at background levels o f 3 ng g ' (dry wt.). Substrate 
gold levels for the two sample sites were found to be lower than those observed for 
sample site 1 with concentrations ranging from 100 to 180 and 45 to 195 ng g ' for 
sample sites 2 and 3, respectively.
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Fig. 4.10- Gold concentrations and plant/substrate levels for sample site 3.
The high levels observed around the burn can be accounted for by two possible 
actions. Either, the gold strata in the underlying bedrock traverses across the valley and 
follows a path across the areas o f sample site 2 and 3, and hence anomalous amounts 
o f gold are detected in the vegetation, or the action o f the stream induces possibly 
higher gold levels in the soil as a result o f increased mobility and transport in the 
environment. The supposed position o f the Eas Anie Structure (see section 4.7.6.2. 
below) implies that the former explanation is the more likely.
4.7.1.3. Sample Site 4
Fig. 4.11 shows the distribution of gold concentrations in bryophyte species removed 
from sample site 4 and a breakdown of the plant/substrate levels for the same sampling 
site.
From the diagrams in Fig. 4.11 it can be observed that the gold levels in the 
bryophyte species exhibit levels well below that o f the other sites. Indeed, the gold 
levels at many co-ordinates are below the detection limit and at most places lie very
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close to this limit, with maximum gold levels only as high as 3 ng g‘  ^ (dry wt.). The 
low level o f gold observed in bryophytes removed from this site is also reflected in the 
substrate gold levels with concentrations ranging from 4 to 5 ng g *. As a consequence, 
this area was chosen as a background sampling site, where no gold mineralisation is 
known to exist. ^
From the pi ant/sub strate ratio schematic for this sampling site it can be 
observed that for all sampling co-ordinates this ratio is less than 1. Therefore, it can be 
concluded that this site does indeed display only background levels of gold in both 
plant and soil material.
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Fig. 4.11- Gold concentrations and plant/siibstrate levels for sample site 4.
4.7.2. Siimmai7
The selection of each site, based on prior knowledge (i.e. conversations carried out 
with the landowners and park rangers) and the gold levels observed in bryophyte and 
substrate material removed from each site did indeed reflect the suspicions o f the 
exploratory work conducted by the mining company.
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4.7.3. Statistical M ethods in Geochemical Exploration
Statistics is concerned with the reduction and interpretation o f large amounts o f 
numerical data. It enables inferences to be made concerning the population from which 
the measurements were derived. The examination o f quantitative measurements is an 
intrinsic part of any mineral exploration programme. However, the reliability and 
interpretation to be placed on these measurements becomes increasingly important as 
attention is turned to bodies with no surface expression are sought by geochemical and 
geophysical techniques.
Prior to the development o f geochemical and geophysical methods of 
exploration, the prospector depended upon the visual recognition of mineral 
occurrences outcropping at the surface. However, many potential exploration targets 
have no surface outcrop, being obscured by an overburden of soil and weathered rock. 
The presence o f a mineral deposit o f potentially mineable size close to the surface is 
almost certain to be reflected in the overburden. For this reason, geochemical 
prospecting plays an important role in the discovery of ore deposits with no outcrop. 
The geochemical approach lends itself to statistical analysis because quantitative 
analytical data replace visual observations.
4.7,3.1, The Log-normal Distribution o f Geochemical Data
The application o f statistical methods to any population of measurements depends 
upon the nature of the distribution o f the data. Most statistical theory is based on the 
form of the normal frequency distribution [Hodgson, 1971]. This distribution follows 
the normal (or Gauss’) law, and is characterised by the familiar symmetrical bell shaped 
curve. However, thus far, the log-normal distribution pattern appears to be the most 
applicable to the results of geochemical surveys [Ahrens, 1954].
In geochemical prospecting the trace elemental content o f various natural 
materials is studied and to infer that the measurements are log-normally distributed 
implies that a logarithmic transformation o f these values produces a distribution that 
follows the normal law mentioned above. The log-normal distribution is characterised 
by an asymmetric distribution skewed to the left or right. Such an asymmetric 
distribution is easy to visualise for a low grade mineral deposit that contains occasional 
concentrations of rich ore. Indeed, the log-normal law fits very well in the case of such 
low grade deposits like gold. The cause o f log-normality may be that similar 
populations, controlled by slightly different sets o f conditions, have been combined, 
and are treated as one population [Hodgson, 1971].
A log-normal distribution curve is defined by two parameters: one dependent 
on the mean value, the other dependent on the character of value-distribution 
[Lepeltier, 1969]. This latter parameter is a measure of the range o f distribution of 
values, i.e. whether the distribution curve covers a wide or narrow range o f values. For 
practical purposes frequency percentage histograms ,cumulative frequency percentage 
curves, on normal-normal and logarithmic-probability axes, are plotted and analysed. 
Furthermore, whenever the raw data, i.e. the actual concentration values from the log- 
normally distributed population, are quoted as a range and mean the geometric mean is 
used as this gives a better estimate of the average value of the range.
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4.7.4. The Distribution of Gold Concentrations at the Sample Location
In a mineralised region, there may be two or more different populations of an elemental 
concentration in rocks, soils, or plants. There will probably be a population 
representing the normal background values and another representing anomalous levels 
from an ore body or dispersion halo. It is common practice to plot frequency 
histograms for soil or plant data and then, graphically, decide what value should be 
taken as being the threshold value that separates the background zone from the 
anomalous zone, i.e. the threshold value being the highest concentration for the 
background zone.
In accordance with the log-normal nature o f the data the concentration intervals, 
plotted on the x-axis, have been logio transformed to produce a normal data 
distribution. Generally, it is recommended that the number of intervals (or classes) 
employed is between 15-25, however, for geochemical purposes it is convenient to 
work with 10-20 points, i.e. 9-19 intervals [Lepeltier, 1969]. In plotting the frequency 
histogram there are three variables to consider; the number of points (n) to construct 
the plot; the range of distribution o f the values (R), expressed as the ratio of the 
highest to the lowest value of the population; and the width of the intervals expressed 
logarithmically (log int.), which is selected as a function of the first two parameters. 
The above variables are linked by the relation [Lepeltier, 1969],
Log int.= Log R  
n
4.7.4.1. Gold Distribution in Plant Materials
Employing the above mathematics for the construction o f the frequency histogram the 
interval values can be calculated,* with R ranging from 1-910% than with n varying from 
10 to 20, the extreme values for the logarithmic intervals are.
Log int.= Log 1= 0 
20
Log int.= log 910% 0.30 
10
In accordance with the literature and owing to the large dispersion of the data, the 
0.20 interval limit was selected [Lepeltier, 1969]. Furthermore, it has been 
recommended that it is best to avoid starting with a round value so that no analytical 
results will fall on the limit o f two intervals. Fig. 4.12 shows the frequency percentage 
histogram for gold levels in plant materials representing the entire investigation site.
R actually ranges from 0-910, however, 0 cannot be logarithmically calculated as it tends to minus 
infinity. Therefore, the range employed discounts concentration levels that are below the detection 
limit, i.e. the represented range has a sample population size of 55 with 19% of the data below the 
detection limit
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Fig. 4.12- Frequency percentage histogram for plant materials.
It can be seen from Fig. 4.12 that there exists two distinct gold populations 
within the whole sample population for plant materials. It can be seen that the lowest 
interval for which the two populations separate is log int.= 1.5, this then produces an 
interval value of 32. It can then be stated that the threshold between background and 
an anomalous gold concentration is approximately 32 ng g ' (dry wt.). Thus, it is a 
relatively straightforward process to distinguish between the concentration levels 
which should be taken as representing mineralisation and those which represent the 
background. However, populations can often overlap on a histogram and it has been 
suggested that a cumulative frequency percentage curve be constructed for the data, 
this then allows the various populations present to be more closely investigated 
[Tennant and W hite, 1959].
4.13).
Firstly, the cumulative frequency curve is plotted on a linear scale (see Fig.
The curve shown in Fig. 4.13 above does not show clearly the three separate 
populations that exist in the plant materials collected from the investigation site. 
However, it does verify the non-normal distribution o f the data, i.e. the curve does not 
show the characteristic S-shape which is indicative o f normally distributed data. 
Therefore, in accordance with the literature, the curve is plotted on log-probability 
paper, with the cumulative frequency percentage plotted on the x-axis in increasing 
order of magnitude and the corresponding concentration plotted on the y-axis, again in 
increasing order of magnitude [Tennant and W hite, 1959; Williams, 1967]. Fig. 
4.14 shows the cumulative frequency curve for gold levels in plant materials plotted on 
log-probability paper.
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Fig. 4.13- Cumulative frequency percentage cui*ve plotted on a linear scale.
The plotted data should either appear as a straight line or curve. If, as is the 
case with this sample population, there are breaks in the line or curve, then more than 
one population is present. The intersection o f the lines or curves represents a level at 
which may be taken approximately as the threshold level between the populations.
From Fig. 4.14 it can be said that the lower values o f set Ap represent 
background gold concentration occurring where no ore body is present in the 
investigation site. Sets Bp and Cp represent two sets o f gold values occurring due to an 
ore formation process. The intermediate values of set Bp represent an anomalous 
distribution further from the main auriferous ore body. Whereas, the higher values of 
set Cp represent level in the vicinity of, if not directly in contact, with the gold 
mineralisation. From the graphical representation o f the data in Fig. 4. The threshold 
value between background and anomalous gold levels (denoted Tb) is 35 ng g'* (dry 
wt.), and between anomalous and mineralised (denoted T m)  gold levels is 220 ng g ' 
(dry wt.).
Indeed, closer inspection of Fig. 4.12 would have revealed that three separate 
populations exist, representing background, anomalous and mineralised gold 
concentrations. Further investigation o f the uppermost population shows that the 
population is divided into two, with the lower half representative o f anomalous gold 
levels and the upper representative of auriferous mineralisation. The threshold between 
these two populations occurs at log int.=2.3, thus producing an upper limit for 
anomalous gold levels of 200 ng g ' (dry wt.), with gold levels above this value 
indicative of mineralisation. A comparison o f the values calculated for the upper limit 
o f threshold from the frequency percentage histogram with those measured from the 
cumulative frequency percentage curve exhibit very good agreement.
The threshold values for the various stages of gold distribution discussed in this 
section and their relation to the mineralogical structure o f the investigation site will 
become more apparent in section 4.7.6. where the geographical location o f each 
sample site is related to the gold mineralogy.
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4,7.4.2. Gold Distribution in Soil Materials
The same procedure as employed in section 4.7.4.1. was adopted for the analysis of 
gold concentrations observed in soil materials collected from the entire investigation 
site. Fig. 4.15 Shows the frequency histogram plot for gold levels in soil (the 
mathematical principles applied to the plant materials have also been employed with 
the soil material).
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Fig. 4.15- Frequency percentage histogram for soil materials.
From Fig. 4.15 it can, as with the plant materials, that there exists two distinct 
populations. The lower population representative o f background gold levels, and the 
higher indicative o f anomalous gold concentrations or mineralisation. The threshold 
value, as calculated from Fig. 4.15 is 5 ng g*' (dry wt.). However, if once again, the 
cumulative frequency percentage curve is plotted for the data three populations 
become apparent. Fig. 4.16 shows the cumulative frequency percentage curve plotted 
on linear scaled axis.
As with the curve for the plant materials the cumulative frequency curve shown 
in Fig. 4.16 does not provide a visual insight in to the various populations that exist 
within the soil data. Therefore, once again the cumulative frequency curve is plotted on 
log-probability which should provide some indication of the population distribution o f 
the data, and whether the data contains more than one population (see Fig. 4.17).
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Fig. 4.16- Cumulative frequency percentage curve plotted on a linear scale.
It can be seen from Fig. 4.17 that there is indeed more than one population 
present in the data, denoted by A,, B*, and C*. The values represented by the curve A, 
are indicative o f the background gold concentrations and their upper limit can be seen 
from Fig. 47(denoted as Tb on the y-axis) to be at approximately 4.2 ng g ' (dry wt.). 
The next highest population is labelled B. and is representative o f the anomalous gold 
levels observed with an upper threshold (denoted T m) of 190 ng g ' (dry wt.). The 
uppermost population, labelled C*, are representative o f the gold mineralised ore body 
and reach as high as 362 ng g ' (dry wt.). These measurements imply that the 
investigation site is divided into three zones o f gold concentration delineated by the 
intervals; <DL-5 ng g ' (background), .>5-190 ng g ' (anomalous), and >190-400 ng g ' 
(mineralised).
The various auriferous zones at the investigation site, as observed in the plant 
materials are also reflected in the gold values determined in the soil material, with 
essentially three zones of varying auriferous content; background, anomalous and 
mineralised.
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4.7,4,3. Relationship Between Gold in Plant and Soil Materials
A very important concept in biogeochemical exploration is the relationship between the 
concentration o f the sought element, or elements, in the plant and soil materials 
[Brooks, 1972]. Indeed, the success o f the exploration survey can depend on this 
factor. The level o f elemental uptake in the vegetation should reflect the concentrations 
observed in the underlying substrate, and a correlation should exist between elemental 
levels in the plant and its immediate substrate. Fig. 4.18 shows a scatter plot o f the 
gold levels in plant and soil material as a function o f sample number.
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Fig. 4.18- Scatter plot for gold in plant and soil m aterial as a function of sample
num ber.
From Fig. 4.18 it can be seen that there is a strong suggestion that the gold 
levels observed for the plant and soil materials do indeed exhibit a similar trend. In 
general, this relationship is investigated by applying a correlation analysis to the values 
determined for gold in the plant directly with those observed in the substrate (soil in 
this case), however, this statistical test can only be employed when the two sample 
populations have an equal number o f observations. This is not the case in this study 
and, therefore, a direct correlation cannot be applied to the concentration values 
obtained for each plant and soil sample. This can be rectified by log transformation o f 
the concentrations for each sample site (for plant and soil material), taking a mean 
value for each site and then performing a correlation analysis on the data now that two 
populations (both plant and soil for each site) with an equal number o f observations 
exist.
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The results of the correlation analysis show that there exits a highly significant 
relationship (0.0KP<0.001) between the gold levels in plant and soil materials 
collected from the entire investigative site. The connection between plant and soil gold 
levels will be further discussed in the next section.
4.7.5, Summary o f  Gold Zones at the Investigation Site
Table 4.9 shows a breakdown of the various zones of auriferous content, i.e. 
background, anomalous and mineralised, at the investigation site as a function o f the 
geometric mean determined for bryophyte and substrate samples present within these 
regions.
Table 4.9- Gold geometric means for plant and substrate with enrichm ent factors 
for each zone.
________  Gold concentration (ng dry wt.)*_________
Background  Anomalous_________ M ineralised
Bryophyte 3 .9 "  138*" 6 2 0 " "
Substrate 4.2^ 123^ 302^
-H-
Enrichm ent 0.93 1.12 2.05
factor __________
*; Geometric mean for each sample population
** Geometric mean [n=21]
Geometric mean [n=14]
****; Geometric mean [n=20]
: Geometric mean [n=8]
: Dimensionless quantity
From Table 4.9 it can be seen that there exists three categories o f gold 
mineralisation. Sample site 1 exhibits gold mineralisation (620 ng g->), sample sites 2 
and 3 exhibit background and anomalous gold levels of 3.9 and 138 ng g ‘, 
respectively, and sample site 4 displays background levels of 3.9 ng g' .  This 
partitioning of the investigation site into zones o f auriferous content by observation of 
the gold content of plant materials is also reflected by the gold levels observed for soil 
materials. Sample site 1 shows high levels o f gold (302 ng g ') in soil, sample sites 2 
and 3 exhibit background and anomalous gold levels of 4.2 and 123 ng g ', 
respectively, and sample site 4 exhibits background gold levels (4.2 ng g ').
The plant/substrate ratio is also a very important concept in a biogeochemical 
exploration survey and provides an indication o f the extent to which the plant species 
employed in the study possess the ability to accumulate gold from their underlying 
substrate. In Table 4.9 this plant/substrate ratio is quoted as the ‘enrichment factor’, 
and from the results it can be seen that where the substratum exhibits high gold content 
the plant materials appear to uptake the available gold to a greater degree (enrichment
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factor= 2.05). In contrast, where the substrate levels are low, as in sample site 4 and 
areas within sample sites 2 and 3, the enrichment factor is very much smaller (0.93), 
indeed there is no enrichment o f gold by the plant materials from the underlying 
substrate. Sample sites 2 and 3 also exhibit an enrichment factor indicative of 
anomalous gold levels (1.12). At first glance this appears to contradict the above 
argument, however, as shall be seen in section 4.7.6. the plant materials are providing a 
an accurate indication of the actual gold mineralogy of the region. Indeed, if the 
accumulation of gold by the plant materials from their substrate was merely a reflection 
o f the gold substrate levels then there would be little to be gained in sampling the local 
vegetation and only the substrate would need to be sampled. If  this were the case a 
plot o f enrichment factor as a function o f substrate concentration would be a straight 
line. As can be seen in Fig. 4.19 this is not the case.
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Fig. 4.19- Plant/substrate ratio as a function of substrate concentration.
Thus, it can be seen from Fig. 4.19 that the relationship between plant 
accumulation of gold and the gold made available for uptake by the substrate is not 
linear, suggesting that the vegetative material needs to be sampled as well as the 
substrate.
To investigate whether or not there exists any significant difference between 
the gold levels in bryophyte and soil samples removed from each sampling site, a 
Student t-test was performed on the log transformed data for gold levels in plant and 
soil materials. The results of this investigation can be seen in Table 4.10.
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Table 4 .10-Significant differences between the gold levels in plant and soil 
material from the sampling sites.
Sample
site 1
Sample site 
2 3
2 S
3 S NS
4 s S S"
S*“ : Very highly significant (P<0.001)
NS: Not significant (P>0.1)
From Table 4.10 it can be seen that there exists very highly significant 
(P<0.001) differences between the gold levels determined in both plant and soil from 
all the sample sites with the exception o f sample site 2 and 3. Therefore, it can be 
concluded that the investigation site is split into distinct zones o f gold mineralisation, 
with sample sites 2 and 3 essentially exhibiting very similar gold profiles in its 
bryophytic community and underlying substrate.
4.7.6. Geochemical Relationship Between Gold Levels in Plant and Soil 
Materials with the Underlying Mineralogy
The ethos behind biogeochemical exploration is that vegetative and substrate material 
can be removed from an area o f suspected auriferous content, under a strict sampling 
regime, analysed for their elemental composition, the results analysed and interpreted, 
and then related to the geographical and geological setting from which they were 
sampled. Based on the geochemical distribution o f the elements in relation to the 
position of the samples, decisions can be made regarding the location o f the underlying 
mineralisation. The crux of the technique is based upon the fact that the samples 
accurately reflect the geochemical make-up of the investigation site. In this way the 
methodology can be employed as an exploration tool and can complement, or even 
replace, more traditional geochemical and geophysical exploration methods.
In this study an area o f known gold mineralisation was mapped and sampled by 
employing the techniques discussed thus far. Four sample sites were chosen, with prior 
knowledge o f their possible auriferous content, and mapped with square grids. Plant 
and soil samples were removed from the co-ordinates o f these grids and analysed for 
their gold and multi-elemental composition. The gold concentrations determined for 
each site now need to be related to the known auriferous and non-auriferous quartz 
veins present within the geological make-up o f the region. Consequently, an ordinance 
survey map (scale 1:10000) of Cononish valley has been adapted to show the 
approximate position of the auriferous and related geological structures and relate 
these to the sampling regime (see Fig. 4.20).
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Fig. 4.20- Relationship between sample site position and underlying
mineralisation.
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From Fig. 4.20 it is difficult to determine the positions o f the various sample sites in 
respect to the geological structures. Inspection o f Fig. 4.20, in conjunction with 
information acquired on the geology and mineralogy o f the region [Earls et al,^  1992], 
has provided an insight in to the relationship between the underlying mineralisation and 
gold levels determined for plant and soil materials collected from the various sample 
sites. This relationship can be realised by separating the region in to three distinct 
zones o f mineralisation as predicted by the geochemical information presented in the 
above study and by biogeochemical data determined in this study.
4.7.6.1. No Auriferous Content- Sample Site 4
From Fig. 4.20 it can be observed that sample site 4 lies near the Mother Reef quartz 
vein and the Barren vein fault. The Mother Reef is a non-auriferous quartz-sulphide 
vein and the Barren vein fault contains no economic gold values [Earls et al., 1992]. 
As a consequence, one would expect that, if plant and substrate material were sampled 
from this location they should accurately reflect the non-auriferous nature o f the 
underlying bedrock. Gold levels determined for plant and soil materials sampled at this 
location were indicative o f background concentrations, i.e. 2.0 ± 0.9 and 4.2 ±  0.3 ng 
g-‘ (dry wt.) for plant and soil, respectively. Therefore, it can be stated that the plant 
and soil materials accurately reflect the non-mineralised nature of this sampling 
location.
4.7.6.2. Auriferous Anomalies- Sample Sites 2 and 3
In one o f the few studies carried out in the literature on this area o f gold mining, it has 
been stated that further exploration for gold may involve carrying out exploratory 
work further down Cononish Valley on the Ben Lui Nature Reserve [Earls et a l,  
1992]. The authors have suggested that the auriferous quartz vein, referred to as the 
Eas Anie Structure, continues across Cononish Valley and passes through the north­
east face o f Ben Lui. From Fig. 4.20 it can be seen that this quartz vein passes 
somewhere through the centre of sample sites 2 and 3 following the path o f the burn 
Coire Ghaothaith.
From this one would assume that the plant and soil materials collected from 
these sample sites would, to some degree, show higher than background gold 
concentrations. Indeed, this is the case with plant and soil concentrations o f 41 ±75 
and 137 ± 30 ng g ' (dry wt.) for sample site 2 and 41 ± 65 and 116 ± 60 ng g ' (dry 
wt.) for sample site 3. However, it can be seen that these levels are much lower (more 
than a magnitude for plant and more than half for soil materials) when compared with 
gold concentrations determined for samples collected from sample site 1. This 
observation may well indicate that the gold grade o f the Eas Anie Structure becomes 
less as the quartz vein stretches further south in to the Nature Reserve at Ben Lui. This 
conclusion is verified by the fact that the gold grade does indeed decrease as the Eas 
Anie Structure intersects with the Barren Vein Fault and moves away from the mine 
portal.
Furthermore, close inspection of the 3-D plot diagrams in Fig. 4.20 for the gold 
concentration o f sample sites 2 and 3 show that these zones only reflect high gold 
levels around the burn (i.e. the path of the auriferous quartz vein), vegetative and soil
178
material sampled at distance either side o f this burn exhibit no auriferous content and 
are indicative o f background levels. Thus, the plant and soil materials sampled at these 
sites strongly reflect the auriferous content o f the underlying mineralogy.
4.7.6.3. Auriferous Mineralisation- Sample Site 1
Following the line of the Eas Anie Structure on Fig. 4.20 shows that it passes under 
sample site 1. This geological structure is the main auriferous quartz vein within the 
Cononish Valley and has been mined extensively for gold for some years. This is the 
only quartz vein that contains economic gold values. Thus, one would expect the 
overlying soil and overburden to contain appreciable gold concentrations. As with 
sample site 4 which accurately reflected the non-auriferous content or background 
characteristics o f the underlying bedrock, the gold levels determined for plant and soil 
materials sampled at this site, i.e. 620 ± 200 and 319 ± 30 ng g ' (dry wt.), respectively, 
show a strong correlation with the mineralised nature of this zone. Once again, the 
implementation o f the techniques and methodologies of biogeochemistry have shown 
that plant and soil material can provide an exploration survey with an insight in to the 
extent o f mineralisation within an investigation site.
4.7.7. Comparison of Gold Levels in This Study with Other Investigations
Table 4.11 shows a comparison of gold levels reported in the literature for various 
environmental media with concentrations determined in this study for plant and soil 
material.
Table 4.11- Comparison of gold levels in this study with literature values.
M aterial Gold range tng gr' dry wt.) Location Reference
Background Anomalous
Plant 468-870 U.S.S.R. Babicka, 1943
Soil - 200-600 U S S R . Babicka, 1943
Plant - 600-4250 U.S.S.R. Khatamov a/., 1966
Shrub - 3000 U.S.S.R. Khatamov <?/., 1966
Soil - 95-200 U.S.S.R. Khatamov et al., 1966
Herb 1-4 120 U.S.S.R. Razin & Rozhkov, 1966
Soil - 1000 U.S.S.R. Razin & Rozhkov, 1966
Tree - 500-2392 Canada Boyle, 1979
Plant - 4-24 Spain Valente a/., 1986
Till 1-99 2867 Canada Reading e /a /., 1987
Plant - 20-410 U.S.S.R. Pulkkinen et al., 1989
Tree - 460 Canada Hall et al., 1990
Plant <DL-35 36-910 Scotland This study
Soil <DL-5 6-400 Scotland This study
From Table 4.11 above it can be observed that plant and soil materials are by 
far the most widely employed materials in the biogeochemical exploration for gold 
mineralisation, and most of the work carried out in this area o f research has taken
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place in the former Soviet Union. It can also be seen from Table 4. that very few 
studies reported gold levels for background sites, which one would expect to be a main 
criterion for a thorough and successful geochemical exploratory investigation. One of 
the few studies that reported a background gold level the findings were very similar, 
although different materials were employed for monitoring the background gold 
concentration, i.e. soil for this study and herb for the comparative study [Razin and 
Rozhkov, 1966]. Although, the anomalous gold content of samples removed from 
areas of mineralisation were very much elevated when the gold content o f the herb 
from the above study is compared with bryophytic material for this study.
In general, the gold concentrations (from background to mineralised zones) 
determined for plant and soil material in this study exhibit a relatively similar range to 
the levels presented in the literature.
Inspection of the available literature on the use of biogeochemical prospecting 
shows that, until the invention and widespread use of techniques such as ETV-AAS 
and ICP-MS coupled with their ability to essentially pre-concentrate the analyte in the 
sample matrix, gold levels in plant and soil materials were reported on an ashed weight 
basis. Therefore, there is a substantial amount o f literature on this area of research with 
gold concentrations presented as ashed weight. Some of these studies are briefly 
discussed and compared with this study in the following paragraphs. It is noteworthy 
that, while reading the following discussion, data reported on an ashed weight basis are ' 
approximately a factor of 8-10 lower when converted to a dry weight concentration. 
Thus, it can be seen that if the gold levels observed in this study were presented on an 
ashed weight basis they would appear to be elevated when compared to values 
reported in the literature.
A study carried out around the headwaters o f the Stirrup Creek, British 
Columbia, reported levels at a mineralised zone o f 372 and 364 ng g-i (ash wt.) in the 
leaves o f the cyanogenic species Phacelia servicae and P. aquilimmi, with background 
levels o f 2 ng g  ^ (ash wt.) [Girling et al., 1979]. The authors did not report any 
substrate results, therefore, the difference in gold accumulation by plant materials 
between this study and the aforementioned can be accounted for by the fact that the 
gold concentrations in the substrate at the mineralised zone in this study may well be 
higher than those present at Stirrup Creek. This is further demonstrated by results 
presented in another study for gold levels from background locations of 1.4 ng g-i for 
maple leaves [Cohen et al,, 1987]. Levels o f gold ranging frorri 65 to 400 ng g-i (ash 
wt.) were reported from a mineralised zone in the Carajas region o f Brazil for multiple 
species [Andrade etal., 1991]
A study carried out in New Zealand on plant species growing in the vicinity o f 
a gold mine exhibited a range of gold levels from 180 to 1380 ng g-i (ash wt.) with 
corresponding soil levels o f 600 to 7600 ng g-l [W ard and Brooks, 1978] 
Furthermore, levels as high as 14 pg g-i (ash wt.) were detected in the wood o f 
Douglas-fir (Pseudotsuga meiiziesii) collected from a coniferous tree forest at a 
mineralised zone at Red Mountain in Idaho [Erdnian and Olson, 1985]. In a 
preliminary study carried out on the same area a few years earlier various herbs, 
shrubs, and trees from around fifteen mine localities and prospects were collected. The
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samples collected not only represented different species, but also different parts of 
plants, such as needles, twigs, stems, and wood from the same trees. The tree samples 
collected (Douglas-fir) contained levels o f gold at 5 pg g-i (ash wt.) [Leonard and 
Erdm an, 1983] The authors reported that analysis of soil samples proved to be 
disappointing’ and do not elaborate any further on this statement. However, another 
area produced unexpected results with INAA analysis of ashed wood exhibiting 
anomalous levels o f gold at 1 pg g-i, about ten times higher than levels determined 
from background locations. These anomalous sites were mostly over inclusion-bearing 
granodiorite judged to be of no economic interest.
In another study, where trees were employed as bioaccumulators of gold, 
levels as high as 1420 ng g'^ in the ash o f the samples were noted [W arren and 
Barakso, 1982]. The levels reported for the trees show better agreement with those 
determined in this study with levels of 20 ng g"^  gold in soil samples reported for the 
same area. Again, this level is a factor o f sixteen lower than that observed for the 
mineralised zone determined at the investigation site in this study (320 ± 30 ng g-i dry 
wt.).
A study carried out in a mountain-desert area o f Uzbekistan in the Soviet 
Union employing sagebush (known as ‘wormwood’ in this region) reported gold 
concentrations in plant ash of 10 to 100 times higher than levels determined in soil 
samples at a depth o f 30 cm [Airpova and Talipov, 1966]. They concluded that 
sagebush was the best accumulator of gold and non-ferrous metals. However, data on 
gold levels in the substrate were not given [Airpova and Talipov, 1966].
4.7.8. Geochemical D istribution of the Elements
As with gold concentrations determined for plant and soil material, the population 
distribution for the multi-elemental content of the samples follows a log-normal 
distribution. In accordance with this distribution the geometric mean is quoted instead 
of the arithmetic mean as it provides a better estimate of the average of the population. 
Table 4.12 shows a summary o f the multi-element content of plant and soil materials 
sampled at each sample site.
Inspection of the data presented for the multi-element content of plant and soil 
samples removed from each sampling location will give an indication o f possible 
geochemical differences between the sample sites. Furthermore, these differences (if 
they exist) may provide an insight into the geochemistry o f the gold mineralisation, and 
other types o f mineralisation present, within the investigation site. Investigations can 
then be performed to determine whether or not any geochemical associations exists 
between the gold and multi-elemental composition o f the plant and soil materials and 
how these then relate to the underlying mineralisation.
From Table 4.12 it can be seen that silver levels in plant and soil materials 
exhibits similar concentration profiles for all samples site with the exception o f sample 
site 4 (background site), at this site silver levels are somewhat lower than observed for 
the others. Arsenic levels display a marked difference between all the sites, with the 
gold mineralised area (sample site 1) exhibiting the highest levels, sample site 2 and 3 
displaying very similar levels, and sample site 4 the lowest concentrations for plant and
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soil materials. Similarly, Cu, Fe, and Zn show some variation for plant materials 
between the sample sites, with sample site 1 exhibiting the highest levels, sample site 2 
and 3 similar levels, and sample site 4 displaying the lowest levels. However, Cd, Mg, 
Mn, and Pb concentrations exhibit very little variation for each sampling site for plant 
and soil materials.
The geochemical variation within the investigation site was examined by 
applying a Student t-test to the multi-elemental concentration levels determined in 
plant and materials for the gold mineralised zone (sample site 1) and the background 
location (sample site 4) in an attempt to illustrate any differences that may occur in the 
elemental composition of these zones and then relate this to the auriferous nature of 
the region. The results of this statistical test are presented in Table 4.13.
Table 4.13-Student t-test carried out on elemental levels determ ined for plant 
materials removed from sample sites 1 and 4.
Sample site I
Sample 
site 4
Cu Zn As Ag Pb Mg M n Cd Fe
Cu S"
Zn NS
As S
Ag s
Pb NS
M g NS
M n NS
Cd NS
Fe S
S -P<0.001 (very highly significant): NS- P>0.05 (no significant difference)
From Table 4.13 it can be seen that there are very highly significant (P<0.001) 
differences for the Ag, As, Cu, and Fe content of plant materials removed from the 
mineralised zone (sample site 1) and the background zone (sample site 4). This result 
further emphasises the geochemical association between gold and these elements and 
demonstrates the variable nature o f the geochemistry o f the investigation site and the 
relationship between the underlying mineralisation and the elemental levels determined 
for the plant materials. The observations presented in Table 4.13 also verify the fact 
that arsenic is not only associated with gold in plant materials, but can be considered to 
be a pathfinder element for gold in auriferous regions. Indeed, to some extent the same 
might be said for Ag, Cu, and Fe.
T-tests, as used in this study, can only be performed on a normally distributed sample population. 
Therefore, owing to the log-normal distribution of the data in this study, all correlation analyses was 
carried out on logarithmically transformed data.
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Further inspection of the results presented in Table 4.13 shows that the underlying 
geochemistry o f the mineralised and background zones exhibit very little variation in 
the Cd, Mg, Mn, Pb, and Zn levels for plant materials. This result indicates that the 
these elements are not exhibiting any differences in uptake by plant materials sampled 
from either site and, therefore, can be considered not to play a role in the 
biogeochemical exploration for gold mineralisation within this region. This assumption 
further confirms the findings reported in the literature.
The same statistical test for investigating any differences in the multi-elemental 
composition of plant materials sampled at the mineralised and background zones was 
also applied’to the elemental concentrations determined for soil materials and is shown 
in Table 4.14.
Table 4.14-Student t-test carried out on elemental levels determined for soil 
materials removed from sample sites I and 4.
Sample site 1
Sample 
site 4
Cu Zn As Ag Pb Mg M n Cd Fe
Cu S"
Zn s
As S"
Ag
Pb
S"
S *
M g
M n
‘ NS
S"
Cd
Fe
NS
s
S -P<0.001 (very highly significant): NS- P>0.05 (no significant difference)
From Table 4.14 it can be observed that there exists a very highly significant 
difference between the Ag, As, Cu, Fe, Mn, Pb, and Zn concentration for soil material 
sampled at the mineralised zone (sample site 1) and the background location (sample 
site 4). Whereas, there is no observed difference between the Cd and Mg levels 
between the sample sites.
Thus, it can be concluded from the results presented in Tables 4.13 and 4.14 
that there exists a distinct difference between the elemental composition o f the gold 
mineralised zone and the background location. Furthermore, apart from the obvious 
differences in auriferous content of areas within the investigation site there is a suite o f 
elements, i.e. Ag, As, Cu, and Fe, that is geochemically associated with the gold 
mineralisation present. For the purposes o f biogeochemical exploration this implies 
that, although such elements as Cd, Mg, Mn, Pb, and Zn may be abundant in the area 
they do not participate in the exploration for auriferous mineralisation. This 
observation strongly agrees with the findings reported in the literature.
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4.7,8,1. Geochemical Relationship Between Gold and the Other Elements
In biogeochemical exploration for auriferous ore deposits it is expedient to determine 
the multi-elemental content of the samples removed from the region o f interest. 
Indeed, owing to the very low levels at which gold exists in both plant and soil 
materials, it is sometimes impossible to determine the gold content (although with 
modern analytical techniques this does not pose a severe problem). As a consequence, 
the multi-elemental composition o f the material is determined and various metal 
associations are investigated with the view to indirectly discovering gold mineralisation 
in the underlying geology. In this way auriferous terrain may be detected by 
investigating‘pathfinder elements’.
Several elements have been reported in the literature to exhibit correlations 
with gold in plant materials. For example arsenic has been extensively reported, as not 
only demonstrating a correlation with gold, but has been suggested to be a pathfinder 
element for possible gold mineralisation [W arren et a l, 1964; Girling et a l,  1978, 
1979]. Arsenic levels higher than 18 pg g‘‘ (dry wt.) have been reported for samples 
with anomalously high concentrations o f gold [Girling et a l, 1979] Similarly, the 
geochemical relationship between gold and arsenic in hydrothermal and epithermal 
deposits has been established by various studies [Cavender, 1964]. A study performed 
on till samples removed from an area o f known gold mineralisation in Canada reported 
a very highly significant correlation (P<0.001) between gold and arsenic, with arsenic 
levels as high as 5 pg g'' (dry wt.) in samples with high gold content [Reading et a l, 
1987]. However, the association between gold and arsenic in plant material removed 
from mineralised zones is not by any means a general rule, indeed a study carried out at 
a mineralised area o f Ontario in Canada reported no relationship between these 
elements in trees such as alder, birch and mountain maple [Cohen et a l, 1987]. This 
may suggest that the Au/As relationship is dependent on the type o f material sampled, 
especially plant species.
A study which determined the multi-element content o f plant and substrate 
samples removed from areas of known mineralisation reported a strong geochemical 
association between gold and copper (0.05>P>0.01) and gold and iron (P<0.001) in 
various till material, with levels of copper and'iron exceeding 70 and 100,000 pg g ‘ 
(dry wt.), respectively [Reading et a l,  1987]. The authors reported a positive 
correlation between these elements in this medium. However, they further reported 
inverse correlations with other elements, and suggested that due to an excess o f iron 
content in the samples this may well be antagonistic to the uptake o f other elements.
In this study ten elements (i.e. Ag, As, Au, Cd, Cu, Fe, Mg, Mn, Pb, and Zn) 
were determined for plant and soil samples collected from the investigation site. Of 
these elements Ag, As, Cu, and Fe have been reported to exhibit associations with gold 
in plant and soil materials, whereas, the elements Cd, Mg, Mn, Pb, and Zn have not. 
Obviously, the accumulation of elements in the substrate of a plant is to a large extent 
dependent on the mineralogical composition o f the underlying bedrock and the degree 
of weathering that has taken place. However, the elemental composition o f plant 
materials is dependent on not only the composition of the substrate but also the mineral 
requirements of the plant together with other factors.
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4.7.8.2. Elemental Associations in Soil Materials
As discussed in CHAPTER I and to a certain extent in this chapter, the soil profile is 
divided into various soil horizons determined by depth. In this study the uppermost A 
soil horizon also referred to as the solum or ‘true soil’, which has developed by soil- 
forming processes from the C horizon (partly weathered parent material), was sampled 
and denoted as the substrate for the plant materials collected. Thus, in this context, the 
soil material can be viewed as an intermediate sampling medium between the 
underlying bedrock and the overlying vegetation, and in this sense substrate sampling 
becomes an intrinsic component o f biogeochemical exploration. Consequently, various 
investigations can be carried out to determine the impact that this medium has on the 
elemental composition o f the sampled plant community and the implications for the 
exploration survey. Table 4.15 shows a correlation matrix* for the elemental 
composition o f the soil materials sampled.
Table 4.15-Correlation study for gold and other elements in soil m aterial 
[num ber of subjects in correIation= 32].
Cu Zn As Ag Pb Mg Mn Cd Fe
Zn s
As s NS
Ag s S'" S '"
Pb s S'" S '" S'"
M g S'" S '" NS S' S"
M n S'” S" S " S '" S '" S"
Cd S '" S '" NS S" S "" s S'"
Fe S'" S" S" S'" S '" S" S " s
An S'" NS S '" S '" NS NS S" NS S'
-?<0.001 (very highly significant); S’*-0.0KP<0.001 (highly significant);
S-0.05<P<0.01 (significant); N S-no significant correlation
From Table 4.15 it can be seen that there exists many elemental associations in 
the soil material and this may reflect the extensive weathering to which the underlying 
bedrock has been exposed and the processes o f soil formation. However, it is the 
relationship between gold and the other elements that is of interest in this study.
Further observation of the correlation matrix shows that there exists a 
relationship between the Au and Cu, As, Ag, Mn, and Fe content o f the soil materials. 
These observed elemental associations confirm the findings stated in the literature that 
there exists a relationship between the elements Au, Ag, As, and Fe in soil materials 
sampled from a region of known gold mineralisation. The association between gold 
and manganese may reflect the mineralogical composition of the underlying bedrock 
and is further investigated in section 4.7.9.
Correlation analysis, as used in this study, can only be performed on a normally distributed sample 
population. Therefore, owing to the log-normal distribution of the data in this study, all correlation 
analyses was carried out on logarithmically transformed data.
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4.7.8.3. Elemental Associations in Plant Materials
The elemental composition of plants is largely determined by two factors, (i) the extent 
o f aerial deposition (wet and dry), and (ii) the accumulation o f minerals from their 
underlying substrate. Elements such as Cu, Fe, Mn, Zn, etc. are taken up by plants 
specifically for the purposes o f growth and metabolic activity, whereas, elements such 
as Au, Ag, and As are essentially ‘ballast’ elements that serve no known metabolic role 
but reflect the ability of plants to accumulate elements available to them from their 
substratum and provide a direct indication of the mineralogical composition o f the 
substrate on which they grow, which, in turn, reflects the underlying mineralisation o f 
the local bedrock. As with the soil materials a correlation analysis was performed on 
the elemental composition o f the plant materials. Once again this statistical test, i.e. a 
two-tailed t-test, was carried out on the logarithmically transformed data and is shown 
in Table 4.16.
Table 4 .16-Correlation study for gold and other elements in plant materials 
[number of subjects in correlation= 68].
FeCu Zn As Ag Pb Mg Mn Cd
Zn S*
As s S"
Ag NS NS NS
Pb NS NS NS NS
M g NS NS NS NS NS
M n NS NS NS NS NS NS
Cd NS NS NS NS NS NS NS
Fe s NS S NS NS NS NS NS
Au s S' s NS NS NS NS NS S
s  -P<0.001 (very highly significant): S*'-0.0KP<0.001 (highly significant):
S -0.05<P<0.01 (significant): NS- no significant correlation
It can be seen from Table 4.16 That there exists a strong association between 
the concentration of Au and As, Cu, Fe, and Zn in the plant materials. Once again the 
association between the Au, As, Cu, and Fe content o f the plant materials determined 
in this study further confirm the relationship between these elements noted in the 
literature. These elemental associations are discussed in more detail in section 4.7.9.
4.7.8.4. Elemental Associations Between Plant and Soil Materials
As was the case with gold concentrations in plant and soil materials sampled, a direct 
correlation between the two media cannot be carried out because o f the difference in 
sample numbers. Therefore, the mean (of the logarithmically transformed data) was 
determined for each sample for plant and soil materials and a correlation analysis was 
performed to investigate the uptake of elements by plant materials from their substrate, 
and is shown in Table 4.17.
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Table 4.17-CorreIatioii study for the elemental accumulation by plant materials 
from the underlying substrate.
_______________ Plant________________
Soil Cu Zn As Ag Pb M g M n Cd Fe An
Cu S'
Zn NS
As S ''
Ag NS
Pb NS
M g NS
M n NS
Cd NS
Fe S*'
An g"
S -0.0KP<0.001 (highly significant); S"-0.05<P<0.01 (significant): NS- no significant 
correlation
As can be seen in Table 4.17 there exists a highly significant relationship 
between the Au, As, and Fe uptake by the plant materials from their substrate and a 
significant relationship between copper concentration in plant and soil materials . Thus, 
it can be concluded that Au, As, Cu, and Fe exhibit a strong biogeochemical 
association for plant and soil materials sampled at this investigation site, which further 
illustrates the geochemical association o f these elements described in the literature. 
Furthermore, the elements As, Cu, and Fe can be considered to be indicator elements, 
or even pathfinder elements, for the biogeochemical exploration for gold 
mineralisation.
4.7.9. Geochemical Association Between the Bedrock M ineralisation and 
Elemental P lant and Soil Composition
The main auriferous and argentiferous phase o f mineralisation which hosts economic 
gold and silver values comprises white quartz amalgamated with pyrite, chalcopyrite, 
galena and sphalerite. Minor phases of haematite, covellite, tellurides, electrum, native 
gold and native silver are also present. The elemental composition o f plant materials 
will be dependent to a large extent on the concentration level and multi-elemental 
content on the substrate on which they exist. Subsequently, the composition o f the 
substrate is dependent on the degree of weathering o f the underlying bedrock, and the 
transportation of minerals through the various soil horizons. Thus, it can be seen that 
the multi-elemental composition of vegetation indirectly reflects the mineralisation 
contained within the bedrock.
The strong association observed between the Au and Ag, As, Cu, and Fe 
concentration in plant and soil materials can now be investigated in terms o f the suite 
o f minerals that makes up the underlying mineralisation of the investigation site. From 
the above information it can be seen that the relationship between the Ag, Cu, and Fe
content of plant and soil materials to the bedrock mineralisation is due to the presence 
o f electrum, chalcopyrite, and pyrite minerals contained within this mineralisation. 
These are common host minerals for gold mineralisation. The relationship between 
gold and arsenic in plant, soil and underlying bedrock is not obvious at first sight due 
to the absence of arsenopyrite which again is a common host mineral for gold, and 
would, therefore, verify the observed association between these two elements. The 
absence o f this mineral is indicative o f the low range o f the absolute values o f arsenic. 
However, it has been stated in the literature that the sulphide minerals generally include 
a solid phase constituent of arsenic (this is particularly true for galena), and, therefore, 
there is a substantial amount o f arsenopyrite solution within the sulphidric mineral 
matrix [Evans, 1995]. This accounts for the strong geochemical relationship between 
the two elements as presented in the correlation matrices for plant and soil materials.
Further evidence for the association o f the Au, Ag, As, Cu, and Fe content o f 
plant and soil materials comes from closer inspection o f Table 4.1 and knowledge of 
the mining history o f the region. There has been extensive mining over the years for 
base metals and the region does contain base metal veins. Associated elements within 
these structures include Ag, As, Au and, as a one o f the extracted metals, Cu. This 
observation further emphasises the relationship between these elements. The strong 
relationship between gold and iron is reflective of the fact that most o f the major 
minerals present contain iron to some degree, and, therefore, an association between 
the aforementioned suite of elements and iron is not wholly surprising.
Finally, two observations that are very interesting and worthy o f discussion are 
the apparent lack o f correlation between gold and lead in plant materials. The presence 
o f the mineral galena would suggest that there is lead available for accumulation by 
plant materials and is also associated with the gold mineralisation. However, for many 
years lead has been known to be phytotoxic, and, hence, this metal is not taken up to a 
large extent by plant materials. For this reason, the absence of a relationship between 
gold and lead uptake for the local plant community is not unexpected, and is also due 
to the absence of a correlation between the two elements in the underlying soil. The 
second observation is the apparent correlation between gold and zinc in plant 
materials. Sphalerite is one of the primary metallic minerals within the site and, 
although the soil materials exhibit no correlation between gold and zinc, zinc is an 
important element for plant growth and metabolic activity.
4.7.10. Geochemical Relationship Between Gold and Silver
The major mineralisation at Cononish occurs as a gold-silver quartz vein, referred to as 
the Eas Anie Structure. This vein structure, which consists of opaque white quartz, 
contains the main auriferous and argentiferous phase and is comprised o f electrum 
(AgAu), native gold and native silver, with electrum and native gold being two of the 
primary metallic minerals present in the mineralisation. As a consequence, the silver 
content o f plant and soil materials has been further investigated in attempt to provide 
an insight in to the geochemical relationship that this metal has with gold at this 
location.
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4,7.10.1. Distribution o f  Silver Concentration at the Investigation Site
The same procedure has been adopted for the analysis o f silver concentrations at the 
site as was employed for the interpretation o f gold values. Firstly, the nature of the 
sample population distribution in both plant and soil material was investigated by 
means o f a frequency histogram. The frequency distribution for silver in plant materials 
is shown in Fig. 4.21.
30
b  20
I
« 10 +
1.37 1.77 2.17
Log [Ag concentration]ppb
Fig. 4.21- Frequency percentage histogram for silver in plant materials.
It can be seen from Fig. 4.21 there exists essentially only one sample population 
present in the distribution. This indicates that, although there is certainly a variation 
across the investigation site o f silver content in plant materials, the silver levels exhibit 
a continual increase in concentration as the gold-silver quartz vein is approached from 
the background or non-mineralised zone, as opposed to the gold concentrations which 
display discrete zones o f auriferous content delineated by gold concentration ranges. 
This observation suggests that silver exhibits greater mobility than gold within this 
environment and displays a larger dispersion to the local vegetative plant community 
from the underlying weathered bedrock. This observation is further illustrated in Fig. 
4.22 which shows the frequency histogram for silver values in soil materials.
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Fig. 4.22- Frequency percentage histogram for silver in soil materials.
As can be seen from Fig. 4.22 the distribution of silver concentrations in soil 
materials exhibits a similar pattern as that determined in plant materials. Thus, it can be 
concluded that the local vegetative flora is reflecting the distribution of silver present in 
the underlying soil which, in turn, is merely reflecting the silver dispersion to the 
immediate environment from the underlying weathered bedrock. The presence o f just 
one sample distribution for plant and soil materials is illustrated by plotting the 
cumulative frequency curve, and is shown in Fig. 4.23.
Fig. 4.23 shows that the distribution o f the silver concentrations determined for 
the investigation site do indeed describe a non-normal distribution. However, as with 
the problem encountered in interpreting the frequency histogram, some features o f the 
sample distribution can be lost in presenting data in this style. Therefore, as employed 
with the interpretation o f gold data, the cumulative frequency curve for silver in plant 
and soil materials is plotted on log-probability paper in an attempt to further illustrate 
the trend of silver values across the investigation site and to provide a visual 
representation of any inflection points that may exist within the curve indicating 
various zones o f argentiferous content, i.e. does the silver mineralisation at the site 
exhibit background, anomalous and mineralised regions? As was the case for the 
auriferous content of the region. This is illustrated in Fig. 4.24.
From Fig. 4.24 it can be seen that the curve for plant and soil materials 
indicates that there exists only one continuous sample population for silver 
concentrations in both sampling media. Further inspection o f the two curves suggest 
that there is enrichment o f silver by plants from the underlying substrate, and that the 
relationship between silver levels in plant and soil materials appears to be relatively 
linear. Therefore, it can be concluded that the silver mineralisation at the investigation 
site exhibits a pronounced difference in dispersion to that o f the gold mineralisation 
and is probably a direct reflection o f the greater mobility o f silver than gold in the 
surficial environment.
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Fig. 4.23- Cumulative frequency curve plotted on a linear scale for silver in: [A] 
plant materials, and [B] soil materials.
4.7.11. Comparison of Background Site with Levels Reported in the L iteratu re
A further insight into the geochemistry of the investigation site is provided in Table 
4.18 which shows the elemental ranges for bryophyte and soil materials from the 
background location (sample site 4) in this study with levels reported in the literature 
from ‘background’ locations [Pendias and K abata-Pendias, 1984].
From Table 4.18 it can be observed that the Ag, Cd, and Pb range for plant and 
soil materials exhibit similar values for the background sample site and those reported 
in the literature. Arsenic, copper and manganese display a similar range for plant 
materials collected from sample site 4 with that reported in the literature but lower 
levels for soil material. Conversely, Fe exhibits a similar range for soil materials but 
lower levels in plant materials. The range o f concentrations for Zn in plant materials 
displays good agreement between sample site 4 and that reported in the literature.
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Table 4.18-Background elemental ranges for plant and soil materials 
compared with site 4 o f this study.
_________________ Concentration (pg g-1 dry wt.)________
Pendias & Kabata-Pendias. 1984 Site 4
Element Plant Soil Plant Soil
Ag 0.03- 0.5 0.03- 0.09 0.02- 0.07 0 .01-0 .02
As 0.009- 1.5 16-30 0.5- 1.0 2 -6
Cd 0.7- 0.8 1- 1.1 1.4-3.5 1.2-3.1
Cu 4-35 2 3-37 5-61 38- 69
Fe 425-800 5000- 50000 1024-3451 10841-27845
Mg - - 1512-2981 38945-74587
Mn 176-180 530- 1055 102-206 1241-2231
Pb 13-22 29- 63 16-31 34-58
Zn 69- 77 54- 125 3 1 -8 6 18-30
A review of the literature shows that bryophytes have been employed 
extensively to biomonitor metals, both in natural and contaminated regions. A study 
carried out in Denmark utilising Hyp?ium cupressiforme reported background ranges 
for Cd, Cu, Fe, Mg, Mn, Pb, and Zn o f 0.04- 0.15, 3- 4, 400- 700, 300- 700, 40- 80, 
22- 25, and 20- 40 pg g (dry wt.), respectively [Ramussen and Johnsen, 1976]. 
Therefore, a comparison of the ranges reported in this study with those for sample site 
4 in Table 4. shows that Cd, Cu, Fe, Mg, and Mn are very much elevated at sample site 
4. The ranges for Pb and Zn exhibit similar values for both studies.
A study performed at a background location in Sweden reported Cu, Pb, and 
Zn levels in H. cupressiforme o f 13.9 ± 3, 104 ± 26, and 109 ± 17 pg g ' (dry wt.), 
respectively [RUhling and Tyler, 1969]. A comparison o f the levels determined for 
the same species in this study shows that the Pb and Zn levels for the Swedish study 
appear higher than for this study, i.e. 26.5 ± 8 and 62.5 ± 26.2 pg g ' (dry wt.) for Pb 
and Zn, respectively. However, the copper concentrations are far lower than levels 
determined for the sample site in this study, i.e. 106 ± 23 pg g ' (dry wt.). A study 
carried out on the same species removed from another area o f Scandinavia reported 
Cu, Pb, and Zn levels o f 12 ± 3, 40 ± 25, and 90 ± 20 pg g (dry wt.), respectively 
[Ramussen and Johnsen, 1976]. Again, the copper levels are very much lower than 
those reported for this study, while the Pb and Zn concentrations are comparable. The 
same authors reported levels of Cd, Fe, Mg, and Mn fo r  H. cupressiforme o f 0.35 ±
0.04, 2000 ± 400, 1600 ± 300, and 120 ± 40 pg g ' (dry wt.), respectively. The Cd, Fe, 
and Mg levels are distinctly higher for this study, i.e. 2.3 ± 0.9, 5200 ± 2972, and 2376 
± 696 pg g (dry wt.), respectively. However, the Mn levels show good agreement, i.e. 
160 ± 74 pg g (dry wt.). Thus, it can be seen that there appears to be enrichment o f 
certain elements at this investigation site when compared to studies carried out in the 
literature on the same elements, this is particularly true for Cu and Fe. The elevated 
copper levels may, in part, be due to the fact that the bryophyte species H. 
cupressiforme is abundant at this investigation site and is renowned as a hyper­
accumulator o f Cu. Also, both Cu and Fe are reported to be associated with gold in 
plant materials in zones of auriferous content.
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A study carried out using H. cupressiforme as a bioaccumulator at a silver mine at 
Maratoto in New Zealand reported Ag, Cd, Cu, Pb, and Zn values for three separate 
areas o f the mine site. Table 4.19 shows the elemental levels for the three sample sites 
within the mine [W ard et al,, 1977].
Table 4.19-Elemental levels fo r // ,  cupressiforme removed from various sample 
locations a t a silver mine, M aratoto, New Zealand after W ard et a l, 
1977.
Concentrations (pg g l dry wt.)
Sample Location Ag Cd Cu Pb Zn
Mineralised area 0.16- 0.6 0.8- 4.6 18- 34 160- 202 112- 156
Treatment plant 0.01- 0.1 1.2-3.4 15-34 74- 125 126-167
Background area 0.01- 0.02 0.1- 0.8 6- 14 8- 14 12- 23
The levels Ag, Cd, Pb and Zn for H. cupressiforme observed for the three 
sample locations are elevated when compared to this study (i.e. 0.08 ± 0.04, 2.3 ± 0.9, 
26.5 ± 8, and 62.5 ± 26.2 pg g dry wt. for Ag, Cd, Pb, and Zn, respectively). 
However, copper levels are very much lower than observed in this study.
A study carried out at a copper mine at Murdochville in Quebec, Canada 
reported levels for two bryophyte species present in the area. Elemental concentrations 
of 5.3 ± 1.8, 4.6 ± 2.8, 351 ± 254, 1638 ± 4075, and 180 ± 96 pg g ' (dry wt.) for As, 
Cd, Cu, Pb, and Zn, respectively, were reported for H. splendens [LeBlanc et a l, 
1974]. The Cu, Pb, and Zn levels are very much higher than values reported in this 
study for the same species. However, the As and Cd levels for both studies exhibit very 
good agreement, i.e. 7 ± 2 and 3.2 pg g (dry wt.) for As and Cd in this study, 
respectively. The authors also reported data for the same elements in P. schreberi, 
with As, Cd, Cu, Pb, and Zn concentrations o f 3 ± 2.2, 1.6 ± 1.1, 252 ± 304, 387 ± 
382, and 149 ± 75 pg g (dry wt.), respectively. Again, the Cu, Pb, and Zn values are 
very much higher than this study, however, both As and Cd exhibit levels o f the same 
order as determined in this study.
In another study where the same two species (H, splendens and P. schreheri) 
were employed for the uptake of metals from the environment at Thunder Bay in 
Ontario, Canada. Levels for Pb and Zn in H. splendens were reported as being 81.5 ±
50.4 and 71.2 ± 23.2 pg g (dry wt.), respectively, and 97.7 ± 59.2 and 75.5 ± 19.5 pg 
g ' (dry wt.) for Pb and Zn, respectively, in P. schreheri [Barclay-Estrup and Rinne,
1978]. The Pb levels are elevated when compared to this study. However, the Zn 
levels exhibit very good agreement for both studies. Another study, carried out in the 
Northeastern United States, which utilised P. schreheri as a biomonitor reported 
elemental levels for Cd, Cu, Pb, and Zn o f 1.17 ± 0.5, 7.6 ± 3.1, 98 ± 27, and 63 ± 14 
pg g (dry wt.), respectively [Groet, 1976]. The Cd and Zn levels show very good 
agreement with this study, however, the Cu and Pb are much different.
In a study carried out in Scandinavia employing H. splendens elemental ranges for Cd, 
Cu, Fe, Pb, and Zn of 0.063- 1.5, 4- 20, 250- 1500, 10- 140, and 20- 120 pg g (dry
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wt.), respectively, were reported [Riihling and Tyler, 1971]. All these elements, with 
the exception of Cu display similar levels to those presented in this study.
The analysis o f Aulocomhim palustre showed levels o f 2.4 and 120 pg g ' 
(dry wt.) were reported for Cu and Zn, respectively [Czarnowska and Rejement- 
Grochowska, 1974] The Cu levels observed for the same species in this study are 
very much higher, i.e. 30 ± 1 pg g (dry wt.). However, the Zn value is very much 
lower, i.e. 44.5 ± 14.5 pg g (dry wt.). It can be concluded from this observation that 
the samples of A. palustre collected from this investigation site exist in an area where 
the substrate levels are higher in Cu and lower in Zn content than those analysed by the 
aforementioned authors.
A study carried out in Sweden employing samples o f H. cupressiforme 
removed from an area o f very little anthropogenic activity determined ranges o f Cu, 
Pb, and Zn to be 9.8- 21.2, 57- 156, and 88- 149 pg g (dry wt.), respectively 
[Ruhling and Tyler, 1969]. From Table 4. it can be seen that the copper range 
determined for sample site 4 is elevated when compared to the range determined by the 
above authors. This result is interesting in light o f the fact that H. cupressiforme is 
renowned as a hyper-accumulator of copper, thus, one would expect the copper levels 
in this study to be higher. However, as was noted H. cupressiforme was the most 
abundant species at the investigation site and high copper levels would also be 
expected. Furthermore, copper is associated in the same geological formation as gold 
and hence one would expect higher copper levels in the substrate available for uptake 
by plant materials. Both Pb and Zn exhibit higher levels in the aforementioned study in 
comparison with sample site 4. Samples o f P. schreheri and H. splendens removed 
from the northwestern region of Canada exhibited Pb and Zn ranges of 44- 309, 54- 
105 and 43- 217, 38- 131 pg g (dry wt.), respectively [Barclay-Estrup and Rinne, 
1977]. A comparison of the ranges reported by these authors with data determined in 
this study for the same elements shows that lead levels are very much lower in this 
study, whereas, zinc displays very good agreement between both studies
A survey of the Cd, Cu, Pb, and Zn levels in bryophyte species removed from 
the northeastern part of the United States exhibited ranges o f 0.44- 1.46, 4.9- 44.0, 27- 
310, and 29- 118 pg g ' (dry wt.), respectively [Groet, 1976]. The Cd, Cu, and Zn 
ranges for both this study and the aforementioned show very good agreement. 
However, the lead range is very much elevated in the American study. A study carried 
out at a metal smelting complex reported ranges for Cd, Pb, and Zn o f 0.5- 1.5, 3- 21, 
and 87- 338 pg g , respectively, in soil material removed from an area considered to 
reflect background metal levels [Little and M artin , 1972]. The cadmium range shows 
very good agreement with the range o f concentrations observed for soil samples 
removed from sample site 4. The lead range reported by the aforementioned authors 
displays levels very much lower than that observed for this study. Conversely, the Zn 
levels in the above study exhibit a range very much elevated when compared to the 
values determined for the background site in this study.
Samples of bryophytes removed from a non-industrialised region o f Poland 
were reported to contain concentrations of Cu, Fe, Mn, and Zn in the range 5 .4-31, 
1950- 2100, 80- 310, and 45- 132 pg g (dry wt.), respectively [Czarnowska and
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Rejment-Grochowska, 1974]. The Cu and Fe levels exhibit a wider spread in 
concentration range for this study when compared to the levels reported by the above 
authors. The Mn and Zn ranges reported for the background site exhibit a similar trend 
to the data reported for Poland, however, the upper limits for both elements are 
slightly elevated for the aforementioned study.
A study carried out on bryophyte samples removed from two mining areas in 
New Zealand reported Ag, Cd, Cu, Pb, and Zn ranges for a background sampling site 
o f 0.01- 0.02, 0.1- 0.8, 6- 14, 8- 14, and 12- 23 pg g (diy wt.), respectively [W ard et 
(iL, 1977]. The Cd, Cu, Pb, and Zn ranges are very much lower from this mining area 
when compared to the ranges determined in this study. The Ag range displays very 
good agreement between the two studies. This observation may be indicative o f the 
fact that the area looked at in the above study was a silver mine and the local geology 
o f the gold mine in this study is known to have silver deposits associated with the gold 
mineralisation.
A study carried out at a mine in New Zealand reported Ag and Cu levels at the 
mineralised zone to be in the range 0.16- 0.60 and 18- 34 pg g*' (dry wt.), respectively 
[W ard et al,, 1977]. A comparison o f the data obtained by these authors with ranges 
for the same elements from the mineralised zone (i.e. sample site 1) in this study shows 
that Ag exhibits levels in the range 0.05- 0.13 pg g (dry wt.), which is very much 
lower than the levels reported by the above authors. Conversely, the Cu range 
determined in this study, i.e. 36- 105 pg g (dry wt.), is very much elevated when 
compared to the aforementioned study. This may, in part, be due to the fact that many 
samples o f 77. cupressiforme were removed from the investigation site in Scotland.
A study carried out at a gold mineralised region at Watts Bar in Canada on the 
gold and arsenic content of plant materials determined arsenic levels in the range 0.81- 
18.21 pg g (dry wt.) for a gold range o f 0.7- 6.4 ng g ' (dry wt.) [Girling et a l,
1979]. The As content of bryophyte samples analysed in this study, i.e. a range o f 4.8- 
14.1 pg g (dry wt.), showed very good agreement with the levels reported by the 
above authors. Further emphasising the strong geochemical association between these 
two elements.
Samples of plant material removed from a gold mineralised region at Yathkyed 
Lake in the Canadian Arctic were reported to contain 5- 708, 4- 17, and 378- 17340 
pg g (dry wt.) o f As, Cu, and Fe, respectively [Reading et a l, 1987]. The As and Fe 
levels reported by these authors are elevated when compared to this study for the 
mineralised zone. Whereas, the Cu levels determined for plant materials in this study 
are very much elevated (i.e. a range o f 36- 105 pg g dry wt.) when compared to the 
aforementioned investigation. A study carried out at a gold mineralised region in Spain 
reported As concentrations in the range 250- 1900 ng g*' (dry wt.) for a gold range o f
4- 65 ng g (dry wt.) [Valente et a l, 1986]. The arsenic range reported by the above 
authors is very much lower than levels determined for the mineralised region in this 
study, i.e. sample site 1.
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A study carried out on the As and Cu content o f Douglas-fir trees growing in the 
vicinity o f auriferous ground in British Columbia, Canada reported levels in the range 
1- 2110 and 38- 320 pg g ' (ash wt.), respectively [W arren et al,, 1968]. The authors 
also determined the Cu content o f soils from the same location and reported a range of
7 -180 pg g (dry wt.). A comparison of these levels with those obtained for the same 
elements in this study at sample site 1 shows that, taking into consideration the fact 
that the above authors reported their data in ashed weight, the As levels in the plant 
materials are elevated in the aforementioned study. The Cu content, however, is lower 
then levels determined in this study for plant and soil materials. Various plant species 
(including bryophytes) were sampled from a derelict gold mine in Wales and arsenic 
levels in the range 0.13- 13.30 pg g ’ (diy wt.) were reported [Girling et al,, 1978]. 
This range in As concentration exhibits a wider spread in concentration than that 
reported for this study, however, a similar upper limit is observed for both studies.
4,7,11.1, Summary o f  Elemental Levels fo r  Sample Sites
In general, the uptake of elements from the associated substrate follow the order; Fe> 
Mg> Mn> Cu> Zn> Pb> As> Cd> Ag for all sample sites. These values reflect soil 
concentrations of the order; Mg> Fe> Mn> Cu> Pb> Zn> As> Cd> Ag. The elemental 
concentrations determined for sample site 4 (i.e. background site) for plant and soil 
material exhibit, generally, good agreement with values reported in the literature for 
background locations. However, certain metals observed in this study appear to display 
elevated levels when compared to ‘background’ concentrations. For example, copper 
levels in plant and soil material appear to show elevated levels when compared to 
values reported in the literature. Iron exhibits a similar elevation in plant materials 
collected from the investigation site when compared to the literature. Similarly, 
manganese displays levels in soil material well above those reported in the literature.
Sample site 1 exhibits elevated levels o f Ag, As, Cu, and Fe in plant and soil 
materials when compared to values for sample site 4 and background locations 
reported in the literature. Similarly, sample sites 2 and 3 reflect the same elemental 
elevations, however, to a lesser degree for arsenic levels.
4.8. Summary
In summary, the work carried out on this gold mineralised region o f Scotland shows 
that a successful biogeochemical mapping can be implemented, with an initial 
geobotanical survey acting as a necessary pre-requisite to the study.
In this study plant and soil materials were collected from the investigation site 
and analysed for their gold and multi-element content according to the techniques 
developed in CHAPTER H. Essentially, four areas o f the investigation site were 
sampled (sample sites 1-4). Sample site 1 proved to be an area o f distinct gold 
mineralisation with levels of gold as high as 620 ± 200 and 319 ± 30 ng g ' (dry wt.) in 
plant and soil material, respectively. At this sample site plant materials displayed 
enrichment of gold from the underlying substrate, with enrichment factors in some 
cases o f the order o f 2- 3. Sample sites 2 and 3 exhibited anomalous gold levels o f 41 
± 75 and 137 ± 30 ng g ' (dry wt.) for plant and soil material (sample site 2), and 41 ±
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65 and 116 ± 60 ng g ' (dry wt.) (sample site 3). These sample sites displayed, to a far 
lesser extent than sample site 1, gold enrichment by plant materials with enrichment 
factors o f >1. Sample site 4 essentially exhibited background gold concentrations of 
2.0 ± 0.9 and 4.2 ± 0.3 ng g ‘ (dry wt.) for plant and soil materials, respectively. No 
gold enrichment by plant materials removed from this sampling location was observed. 
Thus, the biogeochemical exploration for gold at this investigation site indicated that 
there exists three zones of varying auriferous content; mineralised, anomalous, and 
background, with these zones delineated by discrete gold concentrations of 3.9, 138, 
and 620 ng g ' (dry wt.), respectively.
The gold levels determined in plant and soil materials were also correlated with 
the geographical location o f the gold mineralisation reported in the literature, which 
verified that the sampling regime employed reflected the extent o f the auriferous zones 
o f the investigation site. From the findings presented in this study it can be concluded 
that further exploration for gold in the region o f the Nature Reserve (i.e. sample sites 2 
and 3) would yield uneconomic gold values.
The sample population distribution for gold concentrations was found to 
describe a log-normal distribution pattern. As a consequence, the presentation o f 
results has been given by employing the geometric mean, which provides a better 
estimate o f the average value of a log-normally distributed data set that the arithmetic 
mean. Furthermore, in the process of analysing and interpreting the results, the data 
was logarithmically transformed in order to that parametric tests could be applied to 
the data.
The gold and multi-elemental composition o f plant and soil materials was 
determined in order to investigate elemental associations within the data and to relate 
any findings to the underlying mineralisation. After applying correlation analysis to the 
data, a strong relationship was observed between the Au and Ag, As, Cu, and Fe 
content o f plant and soil materials. These findings were related to the composition o f 
the underlying mineralisation and, hence, the aforementioned geochemical associations 
were indicative of the suite of minerals present with the gold mineralisation: 
chalcopyrite, pyrite, electrum, and native silver. The elemental relationships discussed 
above verified observations noted in the literature. The association between gold and 
arsenic may indeed verify the link between the presence o f arsenic in the sulphide 
minerals and/or the relationship with galena which is one of the major minerals coupled 
with the gold mineralisation.
The gold levels determined in this study are comparable with concentrations 
reported in the literature for various investigations carried out on plants. They also 
show slightly elevated levels when compared to studies performed in Canada and the 
United States. It is noteworthy that the gold concentrations reported in this study are 
presented on a dry weight basis as opposed to ashed weight, as is generally the case 
with studies carried out on biogeochemical exploration employing plant materials.
In general, the multi-elemental content o f the plant and soil materials removed 
from all the investigation sites display similar levels to ‘background’ concentrations 
reported in the literature. However, the levels o f copper and iron exhibit elevated 
levels for the mineralised zone in sample site 1. This may be due, in part, to the fact
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that the species Hypmim cupressiforme was present to a large extent at this sample 
location and is renowned as a ‘hyper-accumulator’ of copper from the underlying 
substrate, although the more probable cause is the geochemical association between 
these two metals and gold.
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CHAPTER V
Gold Uptake by Plant Materials from Around an 
Operating Gold Mine
5.1. Introduction
Owing to the many desirable properties o f gold, e.g. indestructibility, malleability
tensile strength and aesthetic value, it has been mined extensively for centuries at 
numerous locations throughout the World. However, due to the natural chemistry of 
u u ■ abundancy in the environment, the processes and methodologies by
which It is extracted from its ore make the isolation and recovery of gold an extremely 
dangerous and environmentally damaging process. The use of strong oxidising agents 
and cyanide to leach gold and other metals from the rock proves costly both 
financially and environmentally.
5.1.1. Gold Ore Deposits
Gold is widely dispersed throughout the Earth’s crust, typically 0.004 pg [Emsley 
1989]. Naturally occurring metallic (or native) gold usually contains variable amounts
of silver, copper, platinum, palladium, and other elements mixed with it. Gold exists in 
a^ociation with most copper and lead deposits, and although the quantity o f gold is 
often extremely small, it is readily recoverable as a by-product in the refining o f those 
base metals. The two main types of native gold deposits are ‘alluvial’ and ‘reef The 
classification of gold ore deposits may be made on the basis o f origin, of geological 
structure, of properties that influence the choice of mining or metallurgical process, or 
on other characteristics important to the investigator. All the World’s major deposits 
can be placed under one of the following headings:
I. Deposits along or in fractures and fracture systems:
(i) quartz veins;
(ii) quartz stringer lodes.
II. Massive deposits:
(i) predominantly siliceous replacements;
(ii) predominantly sulphide replacements.
ni. Disseminated deposits:
(i) gold in the ‘porphyiy coppers’.
IV. Residual and mechanical concentrations (placers),
(i) gossans and croppings over ore bodies,
(ii) placers in present streams, alluvials, and beaches,
(iii) placers in ancient streams, alluvial, and/or beach deposits, 
unconsolidated or consolidated, incorporated in geological 
column. ^
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5.1.2. Gold Mining and Extraction Throughout the World
Gold is obtained on a commercial scale only from certain geological bodies of rather 
limited size known as ore deposits, in which gold has been concentrated by one or 
more natural processes. Over a long period of geological time, such concentrations can 
be brought about by a variety of agencies, which may be as diverse as the segregation 
o f the metal in a crystallising melt or the hydraulic sorting o f heavy minerals in the 
sands and gravels of rivers and beaches. Gold does not combine with either oxygen or 
sulphur but does react with tellurium. O f the few chemical compounds of gold, the 
only ones that are known as ore minerals o f any commercial importance are the 
tellurides (calaverite and sylvanite). A gold and bismuth mineral (maldonite) is known 
but is extremely rare. Gold amalgam (a mixture of gold and mercury) has been noted in 
a few deposits but is more a curiosity than a source of gold. Most gold is, therefore, 
extracted in its native form.
There is no single mining method applicable to all gold deposits. Gold is 
recovered by placer mining of alluvial deposits, and by lode or vein mining. It is also 
recovered as a by-product o f base-metal mining. Placer mining, the oldest method, 
entails exploiting the high density of metallic gold to separate it from the much lighter 
siliceous material with which it is found. The alluvial deposits mined by placer methods 
are the gold-bearing sands and gravel that have been deposited by rapidly moving 
streams and rivers at places where they widen. As the current slows, the sediment 
being carried downstream settles to the bottom. Gold ores in solid rock are mined by 
conventional methods. Entry through shafts or adits, development on levels, and the 
breaking and removal of ore in stopes follow practices common to all underground 
mining.
When gold is recovered from solid ore, the matrix o f minerals and rocks must 
be crushed and ground to sufficient fineness to liberate the gold. Stamps were 
originally employed for this purpose but have largely been replaced by conventional 
crushers followed by rod and ball mills. In some operations the material is carried by a 
stream of water down a sluice equipped with small transverse barriers called rifles 
against which the gold collects. Mercury (quicksilver) is usually added to improve the 
collection of gold. When mercury is employed, the resultant mixture of gold and 
mercui-y, called amalgam, is removed from time to time. Most o f the excess mercury 
can be squeezed out, and the remainder is removed by heating, leaving the crude gold. 
However, this is environmentally damaging as in the situation of the Amazon Basin 
[Lacerda, 1989].
Until the late nineteenth century the amalgamation of gold with mercury was 
the main method used to separate gold from its ore. However, in 1890 the cyanide 
process was introduced in South Africa, and has been extensively used ever since. In 
this process, the gold in finely ground ore is dissolved by treating it with a very dilute 
solution of sodium cyanide or less expensive calcium cyanide, plus lime and oxygen 
from the air. The mixture is held for some hours in large tanks equipped with agitators. 
This chemical reaction yields an aqueous solution of gold cyanide and sodium 
cyanoaurite. This solution of gold is treated to remove oxygen, then clarified and 
mixed with zinc dust to precipitate the gold and the other metals, such as silver and 
copper, that were dissolved by the cyanide. The precipitate is then treated with dilute
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sulphuric acid to dissolve residual zinc and most o f the copper. The residue is washed, 
dried, and melted with fluxes (materials employed to promote fusion of gold and silver 
and to dissolve the remaining copper). This operation may be repeated to flux off more 
base metal. The remaining gold and silver alloy, called doré, is then cast into moulds 
for assay.
The most important and exciting recent technique for the recovery of gold is 
referred to as the ‘carbon-in-pulp’ process. This is a relatively simple process. Gold is 
dissolved in cyanides in the usual way but, instead of filtering off the liquid and 
precipitating gold from the solution by using zinc, carbon is added in the form of 
broken-up charred coconut shells or peat. The gold adheres to the carbon and the gold 
and carbon are than separated from the pulp by screening. Rates o f extraction as high 
as 99% have been claimed [Kettel, 1982].
Some appreciation of the problems and costs associated with the extraction of 
gold from the earth can be perceived from the processes necessary to produce one fine 
ounce o f gold: 3.7 metric tonnes of ore; 38 man hours; 6,400 litres o f water; sufficient 
electric power to run an average household for ten days; between 8 and 17 cubic 
metres of compressed air and varying quantities o f chemicals including acids, cyanide, 
zinc, lime and borax [Kettel, 1982]
5.1.2,1. Extraction o f  Gold
The cyanide leaching process was first used in 1888 by McArthur and Forrest and 
revolutionised the production of gold, so much so that within ten years the World's 
production of gold was doubled. The method was first used to recover the residual 
gold in the tailings leaving the amalgamation plants, and was confined to material 
which was sufficiently coarse in size to allow the solution to percolate. The 
consequence was that the finely divided slime in the tailings, which hindered 
percolation, had to be separated and discarded. In due course, methods were 
developed for coping with the slime, which were so successful, that in modern 
production plants practically all the ore treated is reduced to slime.
The main reaction involved in the dissolution o f gold in dilute sodium cyanide 
solution (known as Eisner's equation) is-
4Aii + 8NaCN + 2H2O + O2 ->  4NaAu(CN)2 + 4NaOH
Oxygen is an important factor, for gold will not dissolve in cyanide solutions 
depleted o f this element. The sodium cyanide solution is approximately 0.05- 0.10 per 
cent NaCN. Certain minerals, notably the sulphides of copper, iron, antimony and 
arsenic, are frequently present in the ore and enter solution, thereby depriving the gold 
of both oxygen and cyanide which leads to poor extraction. Such contaminants are 
known as cyanicides, and to reduce their effect lime is generally added to maintain a 
'protective' alkalinity for the cyanide. Sufficient oxygen for dissolution of gold is 
absorbed by the cyanide solution in its circulation through the plant. The addition of 
oxidising agents such as permanganate, ferrocyanide, alkaline peroxides, etc., have 
practically no effect in bringing about the dissolution of gold.
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Cyanidation may be practised in a variety o f ways, depending upon the nature of the 
ore. However, by far the most widely implemented technique is that of'all- sliming'. In 
this process the finely ground ore is leached (agitated) with dilute solutions of cyanide 
to dissolve the gold, the gold-bearing solution being separated from the slime, and the 
gold subsequently precipitated from the solution by means of zinc dust.
Once dissolution of the gold has been achieved, the gold solution is separated 
from slime by vacuum filtration and counter-current décantation (employing the 
counterflow principle). The recovery of gold from solution is accomplished by 
precipitation with zinc according to the following reaction-
2NaAii(CN)2 + Zn -a  Na2Zn(CN )4 + 2Au
5.2. Aims of This Study
The techniques and methodologies developed in CHAPTER II for the analysis of the 
gold and multi-elemental content of plant and soil materials were applied to samples 
collected from an operating gold mine in New Zealand. The aims of the study were:
I. to assess the potential use o f bryophytes and grasses as 
biomonitors of gold in the vicinity o f an operating gold mine;
II. to assess the gold content of these biomonitors in the vicinity of 
the mine, and it’s associated ore crushing, treatment plant, and 
the waste treatment dump site;
HI. to evaluate possible elemental relationships between gold and 
other metals in this mining environment;
IV. to investigate the use of bryophytes and grasses to extract gold 
(and other metals) from waste treatment plant tailings.
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5.3. The Investigation Site
5.3.1. Epitlierinal Gold-Silver M ineralisation of the Coromandel Volcanic Zone
5.3.1.1. Introduction
Waihi is an epithermal deposit located at the Hauraki Coldfield in the Miocene- 
Pliocene calc-alkaline volcanics of the Coromandel Volcanic Zone (CVZ) in a 200 km 
long by 40 km wide métallogénie belt. Formerly, the Hauraki Coldfield was a major 
gold-silver mining district with a past production of 1.37 million kg of gold-silver 
bullion (gold:silver=l:4) from around 50 deposits between 1862 and 1952, with the 
largest deposit at Waihi yielding 1.1 million kg [Brathwaite, 1987]. Furthermore, 
porphyry copper style mineralisations have occurred within the region [Christie et at., 
1994]. The CVZ is one of a series o f late Cenozoic volcanic zones which represent 
continental margin volcanic arcs related to the westerly directed subduction of the 
Pacific Plate beneath the Australian Plate. Fig. 5.1 shows a map o f the Coromandel 
Volcanic Zone.
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Fig. 5.1- M ap showing the Coromandel Volcanic Zone after B rathw aite, 1987.
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5.3.1.2. Regional Geology
The stratigraphy of the CVZ comprises subaerial andesite-dactite-rhyolite volcanics 
underlain by a basement of Jurassic, greywacke. The volcanic sequence ranges in age 
from Early Miocene to early Quaternary, becoming younger to the south, where it 
merges with the Quaternary volcanics of the active Taupo Volcanic Zone. The 
outcropping Jurassic greywacke of the northern Coromandel Peninsula is composed 
predominantly of lithic-volcanic greywackes. These are overlain locally by remnants of 
either Oligocene coal measures and marine calcerous sediments, or by Miocene marine 
sandstone. The CVZ has been sub-divided into the Early Miocene to Pliocene 
Coromandel Group of dominantly andésites and dacites, which underlies and overlaps 
with the late Miocene to Quaternary Whitianga Group o f rhyolitic rocks [Skinner, 
1986]. The Coromandel Group formations are composed of pyroclastics and lavas with 
minor intercalations of lake and fluvial sediments.
Mineralogically the andésites are predominantly porphyritic plagioclase- 
hypersthene-augite types. Some homblende-bearing varieties are present, and quartz 
and biotite phenocrysts are found in the dacites and high-silica andésites. The older 
part of the Coromandel Group are intruded by stocks and dykes of quartz diorite, 
granodiorite and diorite porphyry, representing the subvolcanic equivalents o f the 
andésites arid dacites. Lithologically the Whitianga Group comprises rhyolitic and 
dacitic pyroclastics, ignimbrites, rhyolite lava domes, and tuffaceous and carbonaceous 
fluvial and lake sediments.
The regional structure of the CVZ is controlled by a NNW-trending structural 
high which forms the Coromandel Peninsula. The structural high is bounded on the 
west by the Hauraki Rift, a major graben structure infilled with Quaternary sediments 
and, in the central part of the rift. Pliocene sediments and volcanics. To the east o f the 
CVZ a series of volcano-tectonic depressions occur which define the major volcanic 
centres infilled by up to 2.5 km of Whitianga Group ignimbrites and rhyolites. Fig. 5.2 
shows a geological map of the Coromandel Peninsula encompassing the Hauraki 
Goldfields.
5.3.1.3. Mineralisation
The epithermal gold-silver mineralisation is mainly hosted by andésites and dacites of 
the Coromandel Group, although Whitianga Group rhyolitic volcanics and basement 
greywacke are hosts in some areas. The mineralisation predominantly occurs in quartz 
veins along tectonically-controlled fault-fracture systems. Vein direction is dominantly 
parallel with the main north-south regional fault trends. The quartz veins dip at steep 
to moderate angles and are typically 0.3-5.0 m in width, 200-1600 m long, with depths 
extending from 170-300 m. The veins at Waihi exhibit a greater depth range of 400- 
700 m. The quartz veins are surrounded by extensive zones o f propylitic and argyllic 
alteration characterised by chlorite, calcite, illite, smectite and pyrite as hydrothermal 
minerals. Higher rank alteration with strong silicification plus adularia and/or illite 
borders the quartz veins.
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The main ore minerals are electrum and acanthite. They are associated with minor 
amounts o f sphalerite, galena and chalcopyrite. Pyrargyrite, gold and silver tellurides 
and selenides, arsenopyrite, tetrahedrite, stibnite and cinnabar are also found in some 
deposits. The main gangue minerals are quartz and calcite, and vein textures comprise 
crustiform and rhythmic banding made up o f chalcedonic and mesocrystalline quartz 
with sulphides. Furthermore, hydrothermal breccias are common. Oxidation and 
secondary enrichment are important in some of the larger deposits where oxidising 
groundwaters have penetrated to depths of up to 500 m along fault crush zones. In 
terms of epithermal ore deposit types, the Hauraki gold-silver deposits are o f adularia- 
sericite type [Hayba ct a!., 1985]. Table 5.1 provides a list o f the elemental 
composition of the various minerals present in this region.
Table 5.1- Elemental composition of the minerals present in the Coromandel 
Peninsula.
M ineral Elemental composition
Primary metallic minerals
Acanthite A&S
Arsenopyrite FeAsS
Chalcopyrite CuFeSz
Cinnabar HgS
Electrum AuAg
Galena PbS
Gold (native) Au
Pyrargyrite AgaSbSs
Pyrite FeS,
Pyrrhotite FeS
Sphalerite ZnS
Stibnite SbzS3
Tetrahedrite Cui?Sb.)S]3
Secondary metallic rnirrer'als '
Copper (native) Cu
Covellite CuS
Limonite Fe0(0H).nH20
Silver (native) Ag
Non-metallic gangiie rnirrer'als
Adularia KAlSisOs
Calcite CaC03
Chlorite (Mg,Fe,AI),2(Si,Al)«02o(OH)8
Quartz SiOz
Sericite Ko-2Al4(Si8-ôAlo.2)02o(OH)4
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5.3.2. Martha Hill Gold-Silver Deposit, Waihi
The gold-silver mine at Martha Hill was the major producer o f the Hauraki Goldfield 
with a production of 1100 tonnes of gold-silver bullion (Au:Ag= 1 ;6) from 10.9 million 
tonnes of ore between 1883 and 1952, at which time the mine was closed due to the 
exhaustion of the then economic ore. Mining at Martha Hill over this period of time 
spanned underground workings over a length of 1600 m, a width of 500 m and depth 
of 600 m throughout the extensive vein system.
Exploration has been carried out since the early 1980s on the bulk low grade 
potential of zones of quartz veining between the major lodes. The exploration defined 
an open pit mine of tonnage o f about 10 million tonnes grading at 2.6 g f  Au and 36 g 
Ag [Brathwaite, 1987]. Four major lodes (Martha, Welcome, Empire and Royal) 
and numerous smaller veins, striking in a northeasterly direction from a braided vein 
system over 2.5 km long, 600 m wide and extending to a depth o f 600 m, were also 
identified. The quartz vein systems are near the northern boundary of a volcano- 
collapse caldera structure filled by rhyolitic volcanics. The new Martha Hill Mine was 
officially opened on the 15 June, 1988 by the Waihi Gold Mining Company Limited 
[Gore and Quast, 1991]. Annual production in 1988 from open pit mining was about 
2000 kg of gold and 18000 kg o f silver, with production in 1992 o f 2368 kg gold and 
11670 kg silver [Christie «/., 1994].
The gold-silver bearing quartz lodes are hosted by hydrothermally altered 
Coromandel Group andesite of late Miocene age. The vein system forms a northeast 
trending complex graben structure. The system comprises four major sub-parallel 
quartz lodes together with numerous branch and cross lodes. The Martha Lode dips 
steeply southeast while the others dip steeply towards the Martha Lode (see Fig. 5.3)
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Fig. 5.3- Geological map of W aihi showing the quartz lodes after Brathwaite,
1987.
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The major lodes have provided conduits for supergene waters during several periods of 
erosion and troughs of oxidation, culminating in an extensively oxidised vein system. 
The oxidation mineralogy is dominated by limonite and manganese oxides, with 
covellite in partially oxidised sulphide veins. Tectonically controlled fracturing and 
dilation o f vein, with repeated injection of hydrothermal fluid have been responsible 
for the large vein system at this location.
5.3.2.1. Mineralogy
Gold-silver mineralisation of the deposit occurs in a hydrothermal quartz-calcite vein 
system which extends over 2000 m along strike and 600 m in depth, with associations 
between quartz and gold throughout the deposit [Gore and Q uast, 1991]. Several 
phases of quartz have been identified’ an early non-mineralised phase, and later phases 
associated with calcite and fine grained sulphides (mainly pyrite with minor amounts o f 
acanthite, sphalerite, chalcopyrite and arsenopyrite). This gold-rich latter phase 
comprises grey quartz with disseminated pyrite from 1-10 pm in size and a crustiform 
pyrite-sphalerite-chalcopyrite association which contains high gold and silver values.
The sulphide zone contains electrum, acanthite, sphalerite, galena and 
chalcopyrite occur, with trace quantities o f tetrahedrite and pyrrhotite. A quartz- 
adularia-pyrite alteration envelope surrounds the veins and overlaps with an outer zone 
of propylitic calcite-chlorite-pyrite alteration. The gold in the deposit occurs as 
electrum and native gold (grain size as large as 50 pm but generally less than 10 pm in 
size). Gold values exhibit a steady increase with depth, with higher values tending to 
occur in the vicinity of the main old underground workings. The silver occurs mainly 
as acanthite and has exhibited grain sizes up to 200 pm in size. Reference to Table 5.1 
provides a list o f the elemental composition o f the various minerals at this site.
5.3.2.2 Geography o f  the Site
The investigation site, Martha Hill Gold Mine, is located at Waihi on the east coast o f 
the North Island of New Zealand. Essentially, the mining site consists of four distinct 
zones; (i) the open mine pit where the gold ore is removed; from here the ore is 
transported via a conveyor belt to (ii) the ore crusher and treatment plant where the 
ore is ground and chemically processed, from here it passes to (iii) the cyanide pits 
where extraction through cyanidation occurs; the wastes products pass onto (iv) the 
tailings pond (waste dump) where the waste is stored as a slurry in a huge, sealed lake.
S.3.2.3. Martha Hill Gold Mine
Prospecting of Martha Hill was primarily through an extensive programme o f core 
drilling in 92 holes at 45 to the vertical, but also included trenching and channel 
sampling of surface outcrops. The drillholes were designed to test the grade o f near 
surface mineralisation in quartz veins surrounding the old Martha Mine workings. 
Some 13,000 metres of drilling was undertaken with the deepest hole extending 
approximately 450 metres.
Today, the Martha Hill Mine is mined by open pit methods. The pit covers an 
approximate surface area of 24 hectares and is, at its greatest extent, 700 metres long.
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and 450 metres wide. The pit descends to a depth of 200 metres from the highest point 
on the hill. Ore and waste rock removed from the pit are transported on a single 
conveyor to the treatment plant and waste disposal area, respectively.
Ore from the mine is trucked to the primary crushing plant located adjacent to 
the open mine pit. The material is than conveyed to the process plant and crushed 
again to a top size of 100 mm. The material is then passed from here to the treatment 
plant. The treatment plant was designed to handle the quartz which contains the gold 
and silver mineralisation at a grain size o f less than 50 microns and the andesitic matrix 
in which the quartz occurs. This is necessary because the andesite contains fine quartz 
particles which are of sufficient value to require treatment. The andesite ranges from a 
soft clay material in the upper weathered layers, to a more competent rock at depth. 
Ore is recovered from the stockpile by front end loader and fed by a conveyor to a 
semi-autogenous grinding (SAG) mill. Lime, required to raise the slurry pH to 10.0, is 
fed onto the conveyor material from a lime silo.
Process water is obtained by recycling from the tailings dam with Mill make-up 
water coming from the mine. Five cyanide leach tanks are gravity fed from the trash 
screen underflow in the mill area, the capacity of each tank is approximately 700 cubic 
metres. Pulp from the cyanide leach tanks flows through a further six carbon 
adsorption tanks where the leached precious metals coat the surface of activated 
carbon made from extruded peat (known as the Carbon-in-Pulp method). Each tank 
has a capacity o f 300 cubic metres, the total leach time for slurry to pass through both 
sets of tanks is between 30 and 40 hours. Carbon carrying the precious metals is 
withdrawn from the tanks to fill an elution column which has a capacity o f 12 tonnes. 
The barren solution from the tanks is pumped as a slurry to the tailings pond area.
The precious metals are stripped from the carbon by a series of operations 
comprising washing with dilute hydrochloric acid, hot water, weak cyanide solution, 
hot water again and water at ambient temperature. The carbon is removed from the 
elution column to a kiln for regeneration before being returned to the adsorption 
circuit. Following elution, the precious metals are plated onto steel wool in a series of 
six electro-winning cells. The cathodes o f steel wool are periodically removed from the 
cells, washed and calcined in two electric ovens. The smelter produces a gold/silver 
bullion and a slag. The smelt is poured into a bullion cascade. The slag is removed 
after cooling and is ground and shaken to release any prills of precious metals. Any 
prills are returned to the smelting process whilst the slag component is recycled to the 
mill feed. The gold/silver doré is held in the strongroom prior to despatch overseas for 
refining into pure gold and silver.
Tailings from the treatment plant are deposited as a slurry behind the retaining 
dam which is built of waste rock obtained from the mine site. The retaining 
embankment is designed to the same standards as those required for water retaining 
dams. In addition, the design also allows for unoxidised waste rock to be buried in the 
embankment to minimise the potential for acid leachate generation. At its highest 
downstream elevation, the dam rises to approximately 45 metres above the 
surrounding country. The total area taken up by tailings and waste rock is 
approximately 160 hectares.
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A water treatment plant is used to treat the tailings dam reclaim water and water 
pumped from the mine to ensure it complies with strict standards, before it is 
discharged into the Ohinemuri river. In this way, any excess water generated by rainfall 
over the tailings dam or from de-watering to enable open pit mining to continue, is 
able to be safely handled.
Approximately 3,500,000 tonnes a year of ore and waste rock are mined from 
the open pit to produce 2,072,000 grams of gold annually.
5.3.2.4 Waste Treatment Pilot Study Site
Since 1979 on-site environmental evaluation has been carried out on the waste disposal 
site. The mining company set aside an area in which a portion o f the waste from the 
extraction processes was diverted to a 'tailings pond trials' site. At this location routine 
analysis o f groundwater quality and river discharges are undertaken, while 
embankment stability and growth on areas o f rehabilitation are surveyed. Furthermore, 
on a regular basis noise levels, atmospheric dust levels, blast vibration and ground 
water levels are monitored. These environmental monitoring projects have been set up 
to ensure that the mining company complies with the Mining Licence, clean air licence, 
and Water rights. The tailings pond trials site has been included as an investigation site 
in this study.
5.4. Sample Collection Regim e
Plant (bryophytes and grasses) and soil material were removed from various locations 
at the sample sites. Care was taken when removing the plant material to ensure that the 
whole plant was removed intact and a large portion [circa 100 g) of substrate also 
removed. Each sample was subsequently placed in a paper bag and the location marked 
on it. Following collection all plant and soil materials were dried for 12 hours at 80° C 
before packaging and shipping, by airfreight, to the U.K.
5.4.1. Sample Site Protocol
Four sample locations were chosen around the gold mine and processing plant, and 
one further area employed as an indicator of ‘background’ levels. Fig. 5.4 shows a 
schematic of the investigation site.
The bryophytes collected were not individually identified due to the non-availability 
of a botanist at the Waihi mine.
5.4.1.1. Sample Site 1
This sample site comprised the open mine pit from which the gold ore is extracted. The 
pit floor is geologically mapped, then sampled and assayed to delineate ore from waste 
rock. These areas are then marked out and excavated using hydraulic diggers and the 
material is loaded onto designated dump trucks for hauling to the primary crusher.
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Fig. 5.4- Schematic of the investigation site.
Samples of plant and soil material were removed from inside and outside o f the 
periphery of the open mine pit along the whole circumference and adjacent to the 
access road from the rim to the base of the pit. Most of the bryophyte samples were 
located in clumps on rocks, or in shady cracks along which rainfall is channelled.
5.4.1.2, Sample Site 2
This sample site consisted of the treatment plant and cyanide pits where the gold ore is 
treated with various chemicals, separated and extracted using dilute cyanide solution. 
Refer to section S.3.2.3. for a detailed description o f the operations performed at the 
treatment plant.
Plant and soil materials were collected from various locales encircling the 
whole treatment plant and cyanide pits. The main sampling area was directly opposite 
the ore crushing plant. Bryophyte samples at this location were sampled along a 
transect away from the ore crusher.
5.4.1.3. Sample Site 3
This sampling location consisted o f the tailings pond where the waste products from 
the extraction and chemical separation of gold are stored. Waste rock from the mine is 
used to build the tailings disposal dam. The dam walls retain the tailings slurry in a 
pond where solids settle and compact. Clear water is decanted off for use in the 
process plant.
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Plant and soil materials were collected from the peripheiy o f  the tailings pond right 
along the whole circumference o f  the slurry lake. In a couple o f  cases, grass samples 
were collected at sites where they were partially submerged in the tailings pit water.
5.4.1.4. Sample Site 4
This sampling location is the site o f  the tailings pond trials. At this location part o f  the 
tailings pond slurry is diverted to an enclosed area and routine monitoring o f  the 
residue for environmentally toxic substances takes place. Plant and soil materials were 
collected from various convenient positions around this area as represented by a dense 
population o f  plant growth.
5.4.1.5. Sample Site 5
This sampling site was employed as an indicator o f  background gold levels, being 
suitably far away from both the mine itself and the treatment and waste disposal sites.
Fig. 5.5 shows a selection o f  photographs from the investigation site.
Photo 1-Open Mine Pit
m m
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Photo 2-Treatment Plant
Photo 3-Aerial View o f Tailings Pond and Tailings Pond Trials
Fig. 5.5- Selection of photographs from the investigation site.
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5.5. Results
As was the case for the Scottish study in CHAPTER IV, the nature of the distribution 
of the data for this study must be considered before statistical tests can be applied and 
inferences made.
Employing the techniques discussed in section 4.7.4. o f CHAPTER IV* the 
concentration levels determined for plant and soil materials collected in this study have 
been found to follow a log-normal distribution and as such will be treated accordingly 
when statistical methods are applied, i.e. geometric means will be quoted as a better 
estimate of the average than the mean and data will be logarithmically transformed (to 
base 10) before correlation analysis and t-tests are applied.
5.5.1. Gold Uptake and Distribution in Bryophytes
The gold levels observed in bryophytes removed from the various sample sites are 
summarised in Table 5.2.
Table 5.2- Gold concentrations in biyophytes removed from the vicinity of the 
gold mine.
Sample site Au concentrations (ng g-i dry wt.)
Mine open pit 224-2088 (533)a
Treatment plant 3617-7450 (4791)b
Tailings pond 231-2072 (667)c
Tailings pond trials 290-1500 (703)d
Background 81-131 (104)e
Range and geometric mean [n=15]
Range and geometric mean [n= 15]
Range and geometric mean [n=4]
Range and geometric mean [n=3]
Range and geometric mean [n=3]
The Open Mine Pit
The gold concentrations observed for samples removed from around the open mine pit 
display a very large range (224- 2088 with a mean of 533 ng g-i dry wt.). The levels o f 
gold observed in plant materials removed from around the mine were surprisingly low 
compared with the other sites, the fact that the plant material was removed from an 
elevated level above the mine opening may account for this observation. This variation 
in gold level is also apparent in samples removed from the tailings pond area. The 
highest gold levels were observed at this site directly along the access road which is 
constantly being used by the ore transfer trucks. Obviously these high levels may relate
Where frequency histograms and cumulative frequency plots are presented, the reader is advised to 
refer to section 4.7.4. of CHAPTER IV for a further explanation of the use of these plots.
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to dust contamination or by their location the bryophytes and grasses may be reflecting 
gold levels brought about by dust previously deposited by the trucks.
The Treatment Plant
From Table 5.2 it can be observed that the bryophytes removed from the treatment 
plant area attain the highest level of gold accumulation (a range o f 3617- 7450 with a 
mean of 4791 ng g-l dry wt.). These high values may result from the extraction activity 
which occurs at this site. There is a high concentration of particulate gold dust in the 
atmosphere which, through wet and dry deposition processes, settles on the plant and 
soil material in the immediate area. These levels are highest directly adjacent to the ore 
crusher, and decreased with distance along the sampling transect. The values at this 
site are very much elevated when compared to the gold concentrations for material 
removed from 'background' locations.
The Tailings Pond
The gold concentrations observed for the tailings pond display very high levels (a 
range of 231- 2072 with a mean concentration of 667 ng g-  ^ dry wt.). This sample site 
is used as a waste ground for processed ore from the mine, and is constructed from the 
waste rock itself. The high levels of gold accumulation present in the plant materials 
removed from this site reflect the high gold levels in the compactified waste rock, 
indicating that appreciable levels of gold are still present in the rock material even after 
the extraction processes have taken place.
The Tailings Pond Trials
This area, set aside from the tailings pond, is employed as an 'in-house' monitor of the 
levels of gold and cyanide leached to the local environment from the extraction 
processes employed at the mine. A range of 290- 1500 ng g-i (dry wt.) gold with a 
mean of 703 ng g-i (dry wt.) gives an indication of the uptake of residual (post­
treatment) gold from the tailings pond trials to the local flora. These observations 
support the results found at the tailings pond.
Background Site
Investigations into the observed high background levels (a range o f 81- 131 with a 
mean concentration of 104 ng g-i dry wt.) led to the discovery that the sampling site 
was the location of an old gold mine which had been closed for many years. It can be 
assumed therefore that this area still has gold available for accumulation by the local 
flora.
Comparison o f  Sites
Application o f a Student t-test to the gold data reported for plant materials removed 
from the five samples sites shows that there exists essentially four distinct regions of 
gold within the vicinity of the gold mine and gold processing plant. Table 5.3 provides 
an indication of the differences observed between the mean gold values determined for 
each sampling site.
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Table 5.3- DinTerences between the mean gold concentrations in bi*yophytes 
removed from each sampling site.
Sample site  Treatment plant Tailings pond Tailings pond trials Background
Tailings pond S
Tailings pond trials s NS
Background s s... s
Mine s s S s
S - Very highly significant (P<0.001): N S-N ot significant
Table 5.3 shows that there are statistically significant differences in the gold 
content o f bryophytes collected around the treatment plant when compared with all 
other sites. Similarly, the other sites are all statistically elevated in bryophyte gold 
content against the background site.
It has been reported that in a mineralised zone in the Canadian Arctic, gold 
levels were as high as 2300 ng g-l (dry wt.) in species o ïBetulaglandulosa and Ledum 
decumbem [Reading et ah, 1987]. Concentrations of 1380 ng g-' in the ash of 
Dictronia squairosa from around the old gold mine tailings area have been reported 
[W ard and Brooks, 1978]. These data are in good agreement with the results o f this 
work, in so much as anomalously high levels o f gold were also found. Furthermore, a 
study carried out on the gold concentration in alder leaves from an area o f gold 
mineralisation in Canada reported levels ranging from 5- 48 ng g-l (ash wt.) in early 
June to 8- 24 ng g-* (ash wt.) in September of the same year [Dunn, 1986a]. In a 
similar study, the same author reported levels o f gold from a mineralised area o f 50 ng 
g-i in the ash of alder twigs and 10 ng g-i for the same samples from background 
locations [Dunn, 1986b]. These values suggest that the concentrations of gold in plant 
material (leaves and twigs) are lower than those observed in this study (bryophytes and 
grasses).
5.5.2. Gold Levels in Grasses
Samples of grass material were also removed from the various sampling sites, and the 
gold levels in these materials are reported in Table 5.4.
As can be deduced from Table 5.4 the same pattern o f gold accumulation 
emerges in the grass material as that for the bryophytes removed from each sampling 
location. The treatment plant displays the highest accumulation o f gold (a range of 
2560- 4129 with a mean concentration of 3168 ng g'^ dry wt.). The tailings pond trials 
exhibits the next highest level of gold uptake with a range in concentration from 112 to 
930 ng g'  ^ (dry wt.), and a mean concentration of 521 ng g‘* (dry wt ).
Grass material removed from the tailings pond displays a lower level o f gold 
uptake than material analysed from the tailings pond trials (a range o f 57- 1512, mean 
concentration 384 ng g ' di-y wt.), as was the case with the bryophytes. However, 
owing to the nature of the terrain of the investigation site grass material was not 
removed from the background sampling location.
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Table 5.4- Gold concentrations in grass m aterial removed from the vicinity of 
the gold mine.
Sample site An concentrations (ng g  ^ d iy  wt.)
Mine open pit 9-1123 (79)a
Treatment plant 2560-4129 (3228)b
Tailings pond 57-1512 (234)c
Tailings pond trials 112-930 (323)d
Background -
Range and geometric mean [n=8]
Range and geometric mean [n=5]
Range and geometric mean [n=7]
Range and geometric mean [n=2]
5.5.3. Comparison of Gold Levels in Biyophytes and Grasses
Table 5.5 shows a comparison of the gold levels determined for bryophyte and grass 
material removed from the various sampling locations.
Table 5.5- Comparison of gold concentrations in biyophytes and grass m aterial 
removed from the vicinity of the gold mine.
Sample site
Biyophytes Grasses
Range Mean SD Range Mean SD
Mine open pit ^ 224-2088 533 664 9-1123 79 349
Treatment plant ^ 3617-7450 4791 1391 2560-4129 3228 614
Tailings pond ^ 231-2072 667 820 57-1512 234 541
Tailings pond trials ^ 290-1500 703 608 112-930 323 578
Background ® 81-131 104 25 - - -
Range, geometric mean and standard deviation [n=23]
Range, geometric mean and standard deviation [n=20]
Range, geometric mean and standard deviation [n=l 1]
Range, geometric mean and standard deviation [n=5]
Range, geometric mean and standard deviation [n=3]
From Table 5.5 it can be observed that the bryophytes removed from each 
sampling location exhibit higher levels o f gold uptake than grass material removed 
from the same site. Both sets o f data exhibit the same profile of accumulation. 
Therefore, it can be concluded that bryophytes accumulate gold to a higher degree 
than grass material, and further sampling o f this investigation site employing only 
bryophytic material would give a greater indication o f the gold levels in the immediate 
surficial environment. Further discussion will incorporate bryophyte and grass material 
under the general nomenclature of plant materials.
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Fig. 5.6 shows the gold concentration determined for plant materials for each sampling 
location at the investigation site. It can be seen in the schematic that there is a wide 
dispersion in the gold content of the plant materials collected from the various 
sampling locations indicative of the wide distribution of gold in the underlying 
substrate and gold dust particles available for accumulation by plant materials from the 
atmosphere.
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Fig. 5.6- Distribution of gold at the various sampling sites.
■^Ppiyir^S the statistical technicjues discussed earlier to gold levels determined 
for the investigation site, Fig. 5.7 shows the frequency percentage histogram for gold 
levels in plant materials representing the entire investigation site.
It can be observed from Fig. 5.7 that there appears to be more than one 
population present in the distribution for gold concentrations in plant materials 
collected from the entire sample site. Further analysis o f Fig. 5.7 suggests that a value 
o f log int.= 2.67 separates the two populations and, thus, represents the threshold 
value between background and anomalous gold levels. From this information it can be 
determined that this threshold value is approximately 467 ng g ' (dry wt.). However, as 
has been stated in the interpretation o f the data in the previous chapter, certain trends 
are not always discernible in the frequency histogram plot for a set o f data and it has 
been suggested that a cumulative frequency plot for the data be constructed. The first 
step is to plot the cumulative frequency curve on a linear scale (see Fig. 5.8).
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Fig. 5.8- Cumulative frequency percentage curve plotted on a linear scale.
From Fig. 5.8 above the log-normal distribution of the data has been visually 
verified, i.e. the curve does not follow the characteristic S-shape indicative o f normally 
distributed data. The curve, plotted on this scale, does not further enhance our 
knowledge of the various populations present within the distribution, therefore, in 
accordance with the literature, the data is plotted on a log-probability scale where a
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deeper insight into the nature o f the distribution can be gauged. Fig. 5.9 shows the 
cumulative frequency curve for the data plotted on a log-probability scale.
From Fig. 5.9 it can be seen that the data distribution is indeed split into two 
populations, i.e. the background population represented by Ap and the anomalous 
population represented by B,,. The threshold value between these populations is given 
by extrapolating the intersection of the two curves back to the log concentration axis,
i.e. point Tp. Further investigation of Fig. 5.9 shows that the two curves produce a 
value for this intersection of 400. Thus, it can be stated that the estimate o f the 
threshold value above which gold concentrations are considered to be anomalous and 
below which are considered to be background, as determined from the cumulative 
frequency curve, is 400 ng g ‘ (dry wt.). This value is slightly less than that determined 
for the threshold value from Fig. 5.7. However, the value visually determined for Fig. 
5.7 is an approximation of the value given above, and as such a value of 400 ng g ' (dry 
wt.) is reported as the threshold level between background and anomalous gold 
concentrations.
5.5.4. Gold Levels in Substrate
Table 5.6 shows the mean gold concentration and standard deviation observed for 
substrate (soil) samples removed from the sampling locations.
Table 5.6- Geometric mean gold concentration and standard deviations for soil 
samples collected from the various sample sites.
Sample site Au concentration (ng g"i d :y  wt.)
Mine open pit 95-320 (158 ±97)a
Treatment plant 2098-4998 (3558 ± 1201)b
Tailings pond 701-2759 (1302 ±845)c
Tailings pond trials 800-1985 (1258 ±532)d
Background 30-56 (44 ± 14)e
Range (geometric mean ± standard deviation) [n=12]
Range (geometric mean ± standard deviation) [n=lQ]
Range (geometric mean ± standard deviation) [n=5]
Range (geometric mean ± standard deviation) [n=4]
Range (geometric mean ± standard deviation) [n=3]
As can be observed in Table 5.6 the treatment plant sampling site exhibits the 
highest gold levels (3558 ± 1201 ng g'^ dry wt.). This result is not surprising owing to 
the fact that the plant materials removed from this area also exhibit the highest gold 
accumulation. Therefore, the high gold levels in the underlying substrate merely reflect 
this earlier observation. It is noteworthy that, once again, gold levels for all sample 
sites are elevated when compared to the background location (44 ± 14 ng g-i dry wt.).
223
0 0 0
D
0
224
Both the tailings pond and tailings pond trials exhibit high gold concentrations when 
compared to background levels, with values o f 1302 ± 845 and 1258 ± 532 ng g-i (dry 
wt.), respectively. These observations can be accounted for by the leaching o f gold 
from the slurry, contained within the walls of the ponds, directly to the immediate 
substrate of the area.
Fig. 5.10 shows the frequency histogram for gold levels determined in soil 
materials from the entire investigation site.
1.27 2.27 3.27
Log [Au conceiitnition]p,„,
Fig. 5.10- Frequency percentage histogram for soil materials.
From Fig. 5.10 the distribution suggests that there may exist more than one 
population present. However, it is very difficult to quantitatively determine the 
threshold concentration between background and anomalous gold levels from this 
diagram. To investigate the nature of the distribution the use of a cumulative frequency 
curve is required. Fig. 5.11 shows a linear plot o f this curve.
From the above figure it can seen that the gold data describes a log-normal 
distribution. To determine the presence of more than population the cumulative 
frequency curve is plotted on log-probability paper, as shown in Fig. 5.12.
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Fig. 5.11- Cumulative frequency percentage cui*ve plotted on a linear scale.
From Fig. 5.12 it can be seen that the distribution comprises o f two 
populations, A, (the background population) and B, (the anomalous population). The 
threshold value that separates these two populations is given by the point T, and is 
approximately 310 ng g ' (dry wt.). This concentration determines whether a gold level 
is considered to be a background or anomalous value.
5.5.4.1. Differences Between the Soil Gold Concentration fo r  Each Sample Site
To compare the gold concentrations between the various sampling sites a Student t- 
test was carried out on the gold levels determined in soil samples, the results o f this 
statistical test are shown in Table 5.7
Table 5.7- Differences between the mean gold concentrations in substrate 
samples removed from each sampling site.
Sample site Treatment plant Tailings pond Tailings pond trials Background
Tailings pond NS
Tailings pond trials NS NS
Background S s s
Mine S s S s'"
S - Very highly significant (P<0.001); NS- Not significant
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Table 5.7 shows that, as with the plant materials, there are statistical differences in the 
gold content of soil material around the treatment plant when compared with the mine 
and background location. This statistical difference is not evident for the tailings pond 
and tailings pond trials sampling locations. All the other sites are statistically different 
from the background site.
5.5.5. Gold Plant/Siibstrate Ratios
Table 5.8 shows a comparison of the gold levels in plant and soil materials and the 
plant/substrate ratios for the individual sampling sites.
Table 5.8- Gold levels in plant and soil materials together with plant/substrate 
ratios for each sampling site.
Sample sites (concentrations in PK K ' dry Avt.)
M aterial Open mine pit Treatment plant Tailings pond Tailings pond trials Background
Plant
Soil
P/S ratio
274 ± 627 
158 ±97  
1.73
4337± 1443 
3558± 1201 
1.22
342 ±657 
1302 ± 845 
0.26
515±551 
1258 ± 582 
0.41
104 ± 25 
44 ± 14 
2.36
As can be seen from Table 5.8 there are three sampling locations within the 
investigation site where the plant/substrate ratios are greater than 1, namely, the open 
mine pit, the treatment plant site and the background location. These findings are not 
wholly unexpected as the plant materials collected from the vicinity of the mine are in 
direct contact with the rock. Furthermore, the plant/substrate ratio greater then 1 for 
the treatment plant site can be accounted for by the presence of particulate gold in the 
atmosphere at this site. Airborne fallout on to the substrate of the immediate area will 
contribute to the gold levels available for accumulation by the plant materials.
The higher plant/substrate ratio at this background location is probably related 
to it being the location of the old Martha Hill Gold Mine. Previous studies 
investigating the uptake of gold by bryophytes in the vicinity of the tailings/mining 
working area of the old Waihi Mine [W ard and Brooks, 1978], showed that the 
inefficient extraction processes used in the past resulted in residual gold being left in 
this area. Therefore, it is not surprising that even though this background area is not 
part of the old working area there is enough residual gold in the surface soil available 
for uptake by present bryophyte populations. The high plant/substrate ratio o f 2.36 for 
this background site shows that bryophytes are potential bioaccumulators of gold.
The plant/substrate ratios of less than 1 for both tailings pond areas is a little 
surprising. Whilst there is clear evidence of gold in the substrate, the plants in these 
areas have reduced- or even restricted uptake. A possible explanation for this is the 
chemical nature of the tailings pond water, namely, very acidic with high 
concentrations of cyanide. Whilst acidic conditions can be very favourable for 
increased solubilisation and mobilisation/uptake of many heavy metals, the chemical 
nature of this medium appears to prevent the uptake o f gold. The relationship between 
plant and substrate will be further investigated in the next section.
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5.5.5.1. Relationship Between Gold in Plant and Soil Materials.
As stated in the last chapter, the success o f biogeochemical exploration depends, to a 
large extent, on the association between the elemental content o f the plant and its 
immediate substrate. As a consequence, the relationship between the gold content of 
plant and soil materials is graphically represented by a scatter plot diagram in Fig. 5.13.
Au plant A Au soil
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Fig. 5.13- Scatter plot for gold in p lant and soil material as a function of sample
num ber.
From Fig. 5.13 the trend of the diagram suggests that there is a correlation 
between the gold content of the plant and soil materials. Again, as with the data for the 
previous chapter, a direct correlation analysis cannot be performed on the data owing 
to the variation in sample population sizes. However, this problem can be overcome in 
much the same way as employed previously. This is achieved by performing a 
correlation analysis on the mean concentration value for each sample site, after 
logarithmically transforming the data, for plant and soil materials. The correlation test 
carried out in this manner verified that there exists a strong biogeochemical 
relationship between the gold content o f the plant and its immediate substrate with a 
significant relationship (0.05<P<0.01) determined between them.
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5.5.6. M ulti-element Uptake, Distribution and Dispersion in Plant Materials
Table 5.9 shows the geometric mean concentration and standard deviation for the 
multi-elemental content o f plant materials removed from the various sampling 
locations.
Table 5.9- Elemental geometric mean and standard  deviations for multi element 
content of plant materials collected from each sampling location.
Sam ple sites (concentrations in g-i ^vt.)
E lem ent Open mine p i f  Treatm ent plant*’Tailings pond*  ^ Tailings pond trials** Background*
Ag 0.2 ±0.1 2.1 ± 1.3 2.0 ± 1.9 1.1 ±0.9 0.4 ± 0.4
As 1.0 ±0.6 1.0 ±0.5 1.2± 1.1 0.1±0.1 0.5 ±0 .4
Cd 0.04 ± 0.03 0.10 ±0.10 0.11 ±0.08 0.05 ± 0.07 0.09 ±0.12
Cu 0.75 ±0.35 0.58 ±0.24 0.72 ±0.34 0.58 ±0.35 0.42 ±0.09
Fe 4687 ± 2666 8769 ± 2656 7076 ± 3360 7104 ±5141 4315 ±2372
Mg 155 ± 90 143 ± 146 157 ±89 181 ±301 131± 127
Mn 113 ±88 101 ±68 70 ±33 291 ±239 148± 132
Pb 0.7 ± 0.6 1.1 ±0.4 1.1 ± 0.6 0.3 ±0.3 1.0 ± 1.4
Zn 5 ± 4 8 ± 2 9 ± 7 2.2 ±1.2 3.0 ±3 .2
Geometric mean ± standard deviation [n=23]
Geometric mean ± standard deviation [n=20]
Geometric mean ± standard deviation [n=l 1]
Geometric mean ± standard deviation [n=5]
Geometric mean ± standard deviation [n=3]
From Table 5.9 it can be seen that the highest silver levels occur at the 
treatment plant sampling location (2.1 ± 1.3 pg g-i dry wt.). This may due to the 
chemical extraction of gold and silver that occurs at this site, which results in silver 
dust in the atmosphere and so increases the silver levels in the immediate plant 
community. This finding is not surprising as the Coromandel Peninsula is known to 
have a region of recent silver deposits [W ard and Brooks, 1978], especially at 
Maratoto. It is also noteworthy that there are relatively high silver levels at the 
background location (0.4 ± 0.4 pg g-i dry wt.). This observation may, again, be due to 
this sampling location being previously the site of the old gold mine, thus, high levels 
of silver would be expected. All sampling locations, with the exception of the tailings 
pond trials site, exhibit arsenic levels approximately twice that of the background 
location. The levels of Cd, Cu, Fe, Mg, Mn, and Pb display similar orders of magnitude 
for all the sample locations. Higher levels o f zinc at the tailings pond and treatment 
plant o f 9 ± 7 and 8 ± 2 pg g-i (dry wt.) as compared with the other sample sites may 
reflect the use of zinc to recover gold from solution and is present in the waste 
disposed o f at the tailings pond.
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5.5.6.L Relationship Betn’cen Elemental Levels in Plant and Soil Materials
To investigate further the association between the multi-elemental composition of plant 
and soil materials a correlation analysis was performed in a similar manner to that in 
the previous section for gold levels. Table 5.10 presents the findings for the correlation 
analysis.
Table 5.10-Correlation study for the elemental accumulation by plant materials 
from the underlying substrate.
 P lant ____________ ________
Sod_________ Cu Zn As Ag Pb Mg M n Cd Fe
Cu NS
Zn NS
As NS
Ag NS
Pb NS
Mg NS
Mil NS
Cd . S“
Fe S"
S - highly significant (0.01<P<0.001): NS- No significant correlation
From Table 5.10 it can be seen that there exists a highly significant relationship 
between the cadmium and iron uptake by plant materials from their immediate 
substrate. These observations will be further investigated in section 5.5.10.
5.5.7. M ulti element Content of Substrate
Table 5.11 shows the mean concentration and standard deviation for the multi- 
elemental content of soil material removed from the various sampling locations.
From Table 5.11 it can be seen that a similar elemental profile is observed for 
each sampling location. The one element that exhibits some variance is iron which 
ranges from 22501 ± 8363 pg g ' (dry wt.) for the background location to as high as 
41002 ± 12563 pg g ‘ (dry wt.) for the treatment plant sample site. The elevated levels 
at the treatment plant location may result from the removal o f base metals, such as 
iron, at this site. Therefore, one would expect to see elevated levels around the 
processing works, owing to particulate fallout from the ore crushing process. Indeed, 
this finding is further emphasised by the higher levels of iron observed in plant 
materials removed from the same location. The highest levels o f zinc are also found at 
the treatment plant and can once again be accounted for by the use o f zinc to 
precipitate gold from solution.
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Table 5.11-Elemental geometric mean and standard deviations for multi element 
content of soils collected from each sampling location.
__________________ Sam ple sites (concentrations in g g  dry wt.)_____
Elem ent Open m ine pit * Treatm ent plant**Tailings pond‘d Tailings pond trials** B ackground‘d
Ag 2.4 ±0.8 1.7 ±0.5 1.8 ±0.5 2.0 ± 1.2 0.7 ±0.3
As 2.3 ±0.5 2.1 ±0.8 4.5 ±2.0 3.3 ± 1.4 0.9 ±0 .8
Cd 0.47 ±0.16 0.59 ±0.12 0.61 ±0.11 0.47 ± 0.22 0.57 ±0.22
Cu 5.2 ± 1.0 16 ± 6 9 ± 2 19 ± 4 1.9 ± 1.8
Fe 27947 ± 6056 42201± 10425 36063 ± 6066 35694 ± 6080 22442 ± 7649
Mg 575 ± 118 1168 ±298 740 ± 187 565 ±105 674 ± 228
Mn 2499 ± 426 3166 ± 578 3187 ±585 2693 ± 537 3376 ±800
Pb 20 ± 8 53 ± 15 32 ± 8 49 ±14 21 ± 12
Zn 43 ± 9 79± 16 36 ± 14 53±  10 54±  19
Geometric mean ± standard deviation [n=12]
Geometric mean ± standard deviation [n=10]
Geometric mean ± standard deviation [n=5]
Geometric mean ± standard deviation [n=4]
Geometric mean ± standard deviation [n=3]
5.5.8. Correlation of Gold with O ther Elements in P lant M aterials
As well as looking for gold many studies have also analysed for so-called 'associated' 
metals. These metals have been divided into essentially two classes, those which are 
considered 'pathfinders' and those which have some form of correlation with gold in 
plant material. A review of the literature shows that a spectrum of elements have been 
found to have correlate with gold (i.e. Cu, Fe, Ag, Pb, etc.). However, the only metal 
that is consistently referred to as a pathfinder for gold is arsenic. To investigate 
possible correlations between gold and other elements detected in the plant materials
collected from around the gold mine a two-tailed statistical significance test was
performed on the analytical data. The results are displayed in Table 5.12.
From Table 5.12 it can be observed that Ag and Fe exhibit strong associations 
(P<0.001) with the gold content of the plant materials, with Pb and Zn displaying 
highly significant correlations (0.05<P<0.01) with gold in the matrix. The association 
between gold and silver is not wholly surprising as silver is also leached from the ore 
material in the extraction process, and is, therefore, made available to the local 
environment through the same channels as that o f gold. Furthermore, silver and gold 
are found to exist in the same rock types, and many gold mines convert to silver mines 
once the grade of ore becomes too poor for extraction. It can be observed that silver 
displays a very similar profile to that of gold, with the treatment plant area displaying 
the highest levels of gold and silver. The relationship between Au, Ag, and Fe in plant 
materials has been well documented in the literature and is discussed further in section
5.5.10., as is the association between Au, Pb, and Zn.
232
Table 5.12-Correlation study for gold and other elements in plant materials 
[num ber of subjects in correlation= 62].
Cu Zn As Ag Pb Mg Mn Cd Fe
Zn NS
As NS S'
Ag NS s NS
Pb NS S" S S
M g NS NS NS NS NS
M n NS NS NS NS NS S"
Cd NS NS NS S S' NS NS
Fe S" NS NS S'" S' NS NS S'"
All NS S" NS s S" NS NS NS s"
S*"-P<O.OOI (very highly significant): S**-0.0I<P<0.001 (highly significant): 
S*-0.05<P<0.0I (significant): NS- no significant correlation
5.5.9. Correlation of Gold with O ther Elements in Soil M aterials
The substrate sampled in this study consisted of soil materials within the immediate 
environment o f the plant materials (where removal was possible) and essentially 
constituted the solum. Therefore, as with the previous chapter, the soil material can be 
considered as an intermediate sampling medium between the underlying bedrock and 
the plant community. To investigate the inter-elemental associations inherent in this 
medium and the degree to which these findings provide an insight in to the elemental 
composition o f the plant materials, a correlation analysis was performed on the multi- 
elemental content of the soil materials, the results o f which are presented in Table 5.13.
Table 5.13-CoiTeIation study for gold and other elements in soil materials 
[num ber of subjects in correlation= 34].
Cu Zn As Ag Pb Mg Mn Cd Fe
Zn S'
As S" NS
Ag NS NS S"
Pb S '" S" NS NS
M g S' S NS NS S'"
M n NS S" NS NS S' S '"
Cd NS S" NS NS NS S" S '"
Fe S '" S" S" NS S" S" NS S'
An s S' NS NS S'" S '" NS NS S"
S*"-P<0.001 (very highly significant): S**-0.0KP<0.001 (highly significant): 
S*-0.05<P<0.0I (significant): NS- no significant correlation
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From the correlation matrix shown in Table 5.13 it can be observed that there exists a 
very highly significant correlation (P<0.001), between the Au and Cu, Fe, Mg, and Pb 
content o f the soil materials. Furthermore, the gold and zinc content o f the soil 
materials also exhibit an association (significant at the 0.05<P<0.01 level), although to 
a lesser extent than the aforementioned elements. The elements copper and iron have 
been extensively reported to be associated with gold in soil material sampled from 
auriferous regions. However, the association between gold and magnesium may reflect 
magnesium’s role as an essential element for plant The association between the Au, Pb, 
and Zn levels may reflect the mineralogical composition of the underlying bedrock and 
is further investigated in section 5.5.10. The association between gold and zinc may 
also, in part, be attributed to the use o f zinc in the recovery o f gold from the ore, 
where zinc is leached from the treatment plant to the substrate.
5.5.10. Geochemical Association Between the Bedrock M ineralisation and
Elemental Plant and Soil Composition
The mineralisation contained within the mining region predominantly occurs in quartz 
veins. The main ore minerals are electrum and acanthite and is consistent with the 
observation that gold and silver are very highly associated (P<0.001) in plant materials 
which leads to the high levels of silver observed in both plant and soil materials 
sampled at the site.
Associated with these minerals are minor amounts o f sphalerite, galena and 
chalcopyrite. The occurrences of this mineral suite in the region helps explain the 
findings that Zn, Pb, and Fe exhibit strong associations with the gold content o f plant 
and soil materials. A correlation analysis carried out to determine whether there existed 
a relationship between the multi-elemental composition o f the plant and soil materials 
revealed that both cadmium and iron exhibited highly significant (0.0 K P<0.001) 
correlations. The uptake of iron by plant materials from the soil is predictable due the 
very high iron levels in the soil (i.e. iron is the major metal found in the mineralisation) 
and its role as an essential element for plant growth and reproduction. The association 
between cadmium in plant and soil materials is more perplexing and may be 
anthropogenic in origin.
It is interesting to note that although the mineral arsenopyrite is present at the 
site, and is indeed considered to be one o f the primary metallic minerals, there is no 
correlation between the gold and arsenic contents of the plant materials, such a 
correlation has been extensively reported in the literature. This observation may result 
from samples being removed from the vicinity o f an operating gold mine and not 
during exploratory work in a previously undisturbed auriferous region . Therefore, the 
human activity at the study area may have imbalanced the natural processes.
5.5.11. Geochemical Relationship Between Gold and Silver
The mine investigated in this study is located within a region of epithermal gold-silver 
mineralisation which is part o f the Coromandel Volcanic Zone. Previously, this 
métallogénie region has produced over a million Kg of gold-silver (gold:silver=l:4) 
[Brathwaite, 1987]. Furthermore, many of the primary metallic minerals present at the 
deposit contain silver, e.g. acanthite, electrum, and pyrargyrite, and native silver is also
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one of the more abundant secondary metallic minerals. As a consequence, the silver 
content of the plant and soil materials sampled at the site has been further investigated 
in an attempt to take a closer look at the geochemical relationship between gold and 
silver at this location.
5.5.11.1. Distribution o f  Silver Concentration at the Investigation Site
The same interpretative protocol as for the analysis of gold concentrations was 
adopted for the silver contents. Firstly, the natures of the silver population distributions 
in plant and soil materials were investigated by employing frequency histograms. Fig. 
5.14 shows the frequency histogram for silver in plant materials.
Log [Ag concentration]
Fig. 5.14- Frequency percentage histogram for silver in plant materials.
From Fig. 5.14 it is very difficult to interpret the nature o f the sample 
distribution and to determine the number o f populations present within the whole data 
set, thus, enabling the sample population to be regarded as a combination of 
background and anomalous silver concentrations. To investigate the silver content of 
the plant materials further a frequency histogram for the silver concentration o f the 
underlying substrate was constructed and is shown in Fig. 5.15.
From Fig. 5.15 it can be seen that the sample distribution for silver in soil 
materials appears to comprise one population as opposed to that for the plant materials 
(Fig. 5.14) which is indicative of a mixed population distribution. This observation 
suggests that while the substrate appears to contain a relatively continual increase in 
silver concentration as the ore deposit is approached, this is not reflected in the plant 
community which is expected to receive much of its silver content from the underlying 
soil. To investigate this further cumulative frequency curves were plotted for the silver 
content o f both plant and soil materials and are shown in Fig. 5.16.
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Fig. 5.15- Frequency percentage histogram for silver in soil materials.
From Fig. 5 .16A it can be seen that the silver concentration for plant materials 
describes a log-normal distribution. However, the curve does not provide a deeper 
insight in to the nature of the distribution. In contrast, the curve shown in Fig. 5.16B 
exhibits a shape that appears to approach a normal distribution [Lepeltier, 1969]. This 
suggests that the silver levels determined for soil materials sampled at the site comprise 
one population. Therefore, to gain a further insight in to the nature o f the population 
distributions for silver levels in plant and soil materials cumulative frequency curves on 
log-probability paper were constructed. Fig. 5.17 shows a plot of the cumulative 
frequency plot for silver levels in plant and soil materials on a log-probability scale.
From Fig. 5.17 it can be observed that the curve which represents the 
distribution for silver in soil materials exhibits one continuos sample population with 
no inflection point. This observation indicates that the silver concentration for soil 
materials may reflect the increase in silver leached to the upper soil horizon by natural 
degradation processes and increases relatively uniformly as the major ore deposit is 
crossed. In contrast, the plot for the silver content of plant materials separates in to 
two separate populations (i.e. populations A„ and Bp) at the point of inflection o f the 
curve (Tp). From Fig. 5.17 the threshold concentration level at which silver levels are 
defined to be background or anomalous is approximately 300 ng g ' (dry wt.). The 
existence o f two silver populations within the plant materials may indicate that as silver 
is extracted at the mine, there are appreciable amounts o f silver dust particles in the 
local atmosphere. Plant materials, in particular bryophytes, are renowned for their 
ability to accumulate aerial deposition, therefore, the population B„ may indicate that 
silver is contributed to the local plant community both from the substrate and from 
atmospheric deposition.
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Fig. 5.16- Cumulative frequency percentage cui*ve plotted on a linear scale for 
silver in: [A] plant materials, and [B] soil materials.
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5.5.12. Comparison of Miilti-elemental Levels in This Study with the Literature
A comparison of the elemental levels observed for the various sampling locations in 
this study with concentrations reported in the literature for gold mineralised regions 
will give an indication of the geochemistry o f the investigation site. One study which 
utilised moss found As levels of 5.46 and 1.93 pg g~^  (dry wt.) in one unidentified 
moss species and Dicranmn scopar 'mm samples [Girling and Peterson, 1978]. These 
values display a similar profile to those observed in this study, with a range o f As 
concentrations for all the sample sites ranging from 0.22- 5.52 pg g-i (dry wt.). 
Another study carried out on dried vegetation found As levels lower than those 
presented in this study with a range o f values of 0.25- 1.90 pg g-i (diy wt.) [Valante 
et ai., 1986]. However, a study carried out on the As content (range o f 0.81- 18.21 pg 
g  ^ dry wt.) of the shoots of plants collected from an area o f gold mineralisation in 
British Columbia displayed elevated levels when compared to this study [Girling et ai., 
1979].
Table 5.14 shows a comparison of elemental levels observed in this study with 
concentrations reported for the gold and multi-element content of dried plant material 
removed from a gold mineralised zone in the Northwest Territories o f Canada 
[Reading efr//., 1987].
Table 5.14-A comparison of the multi-elemental content of samples collected 
from a gold mineralised zone in C anada with this study.
Element
Concentrations (pg g-i dry  wt.)
Reading et ai. 1987 This study
As 0.005- 0.708 0.002- 5.52
Cu 4- 17 0.19- 2.36
Fe 378-17340 1868- 16409
Mg 960-2300 13- 729
Mn 120-1462 6- 640
Zn 26- 795 1.07-38.7
It can be seen from Table 5.14 that the As levels observed in this study are 
elevated when compared to the Canadian study. However, with the exception o f the 
iron levels, which exhibit good agreement between the two studies, the Cu, Mg, Mn, 
and Zn levels are very much lower in this study. Table 5.15 shows a comparison o f the 
elemental levels for bryophytes and grasses removed from 'background' locations 
[Pendias and Kabata-Pendias , 1984].
In general, the elements Cd, Pb and Zn display similar profiles for both this 
study and the background levels. However, the noticeable exceptions are the elevated 
levels for As, Cu, Fe, and Mn in this study when compared to background 
concentrations. The elevated levels for As, Cu and Fe can be accounted for by their 
known association with gold in plant materials removed from gold mineralised regions. 
The high Mn concentrations may be a result o f the geochemistry of the area used as a 
background location in this study. This sampling location was the site o f the old gold
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mine, and the high Fe levels may be a result o f this element, which has been associated 
with gold throughout the literature, being present as the mineral arsenopyrite.
Table 5.15-Comparison of elemental levels for this study with literature values 
for background locations.
Concentrations (pg g~^  dry wt.) 
Pendias and K abata This study 
Element -Pendias, 1984
As 0.28- 0.33 0.002- 5.52
Cd 0.08- 0.27 0.007- 0.61
Cu 0.43- 0.80 0.23- 2.36
Fe 43- 376 1868-16409
Mn 17-334 6- 6404
Pb 0.36-3.30 0.03-3.09
Zn 25-47 1.07- 38.7
5.6. Summary
A biogeochemical survey of the investigation site was implemented, with the area 
effectively separated into five sampling locations; the open mine pit, treatment plant, 
tailings pond, tailings pond trials and background location. Plant (bryophyte and 
grasses) and soil material were removed from each sampling location and analysed for 
their gold and multi-element content employing the techniques developed in 
CHAPTER II.
The gold profile for each sampling site was reported for plant and substrate 
samples with levels for the open mine pit, treatment plant, tailings pond, tailings pond 
trials and background locations ranging from 9-2088, 2560-7450, 57-2072, 289-1500,
and 81-131 ng g'* (dry wt.) gold, respectively, for plant materials, with corresponding 
gold substrate levels of 158 ± 97, 3558 ± 1201, 1302 ± 845, 1258 ± 532, and 44 ± 14
ng g-  ^ (dry wt.) gold, respectively. The treatment plant area displayed highest gold 
accumulation (geometric mean concentration o f 4337 ± 1443 ng g-  ^ dry wt.) and the 
background location displaying the lowest levels o f uptake (geometric mean 
concentration of 104 ± 25 ng g-' dry wt.) for plant materials. Furthermore, all sample 
sites exhibited gold uptake higher than background locations for both plant and soil 
materials. A breakdown of the plant materials into bryophytes and grasses showed that 
at all sample sites bryophytes accumulated gold to a higher degree than the 
corresponding grass material removed from the same sampling location. Thus, one can 
conclude that the bryophytes exhibited a greater affinity for gold uptake than the grass 
material.
Of the five sample sites investigated, three displayed plant/substrate ratios 
greater than 1, namely, the open mine pit, treatment plant and background location, 
indicating the uptake of gold by plant materials from their underlying substrate. The 
high concentration of gold determined for the plant materials may in part be due also to
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aerial deposition of gold dust from the mining operations that occur around the 
sampling area.
An inter-element correlation was performed on the data for plant materials 
from the entire investigation site and revealed a strong association between the metals 
Au and Ag, Fe, Pb and Zn. Relating these findings to the underlying mineralisation 
indicated that the associations have their roots in the mineral suite which accompanies 
the gold mineralisation, i.e. primary metallic minerals acanthite, electrum, pyrargyrite, 
arsenopyrite, chalcopyrite, pyrite, pyrrhotite, galena, and sphalerite, which contain the 
aforementioned metals found to be related to gold.
The background location used in this study was found to exhibit relatively high 
gold levels, e.g. 104 and 44 ng g ‘ (dry wt.) for plant and soil materials, respectively. 
This may be due to this sampling location being the site of the old gold mine which has 
been revegetated over the years. Therefore, the bioaccumulators removed from this 
area may reflect the availability o f gold in the substrate for accumulation by the plant 
community. The location of the old gold mine was not discovered until after the region 
had been mapped and sampled and would have not been employed as a background 
site if this information was known prior to the exploration survey.
Finally it must be noted that the data presented in this study are reported on a 
dry weight basis in contrast to most of the data available in the literature where the ash 
weight is used. On ashing, the inorganic ions are effectively pre-concentrated in the 
material by a factor of 8-10. Thus, these data reported on dry weight prior to ashing, 
and therefore without the benefit of this pre-concentration, illustrates the excellent 
sensitivity of ICP-MS for ultra-trace elemental analysis. Furthermore, it can be 
observed from the results in this study that a large order of magnitude variation in gold 
concentration is reported for the same mass/volume ratio o f sample. This reflects the 
wide linear dynamic range of the ICP-MS.
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CHAPTER VI
Conclusions
The first aim of this study was to investigate the suitability of ICP-MS for the routine 
analysis of gold in plant materials. Initially, instrument operating parameters were 
optimised to provide the best signal intensity for the • ’^^ Au isotope (100% natural 
abundancy). A nebuliser flow rate of 1.02 1 mim^ at a forward power o f 1.5 kW was 
found to produce the desired result, with a subsequent signal o f approximately 10^  
counts sec ' produced for a 100 ng ml ' gold solution. Under these operating conditions 
an instrumental detection limit for gold o f 0.27 ng mk^ was determined. Further 
experimentation on synthetic gold solutions was pursued to determine the optimum 
conditions for washout of the system between consecutive samples. An 8% AR wash 
solution run between samples and standards, prepared in 5% AR, over a time period of 
20 to 30 minutes provided the necessary conditions to alleviate the problem of gold 
memory effects within the system. Furthermore, experimentation was carried out to 
determine the most appropriate internal standard for the analysis o f gold. It was 
concluded that iridium ( ^ %  isotope) provided the most stable signal for internal 
standardisation.
Once operating conditions were optimised using synthetic solutions o f gold, the 
dissolution of plant materials was addressed. Two wet digestion techniques were 
investigated for their suitability as sample preparation procedures for the analysis of 
gold in plant materials. Recovery and reproducibility tests performed on a 100 ng mfi 
gold solution added to the matrix provided an indication of the precision and reliability 
o f each procedure. From these studies a simple hydrofluoric dicxd-cicpict regia 
evaporation and re-dilution with 5% AR with initial sample ashing exhibited excellent 
recovery (102 ± 4%) and good precision (<5%). The chosen procedure was further 
investigated for possible matrix (non-spectroscopic) interferences by means o f the 
method of standard addition’ and synthetic multi-elemental solutions. Such 
interferences were not observed for gold analysis.
The precision and accuracy of ICP-MS measurements was assessed through 
the use of international reference materials. Gold analyses were validated by the 
employment of NIST 1571 Orchard Leaves, with a mean gold concentration o f 0.005 
±0.001 pg g-> (dry wt.) determined for a literature range of 0.0008- 0.0035 pg g-i 
(diy wt.). Furthermore, owing to the paucity o f certified reference data on gold levels 
in plant materials, two 'in-house' reference materials were developed. For expected 
values of 50 and 500 ng g-i (dry wt.), concentrations of 63 ± 15 and 542 ± 53 ng g-l 
(dry wt.) were determined. The slightly high values determined may be due to errors 
from the preparation of the samples (i.e. pipetting, inaccurate standard solutions, etc.).
The analysis o f the multi-element content of plant materials was assessed by the 
use o f NIST 1572 Citms Leaves, 1573 Tomato Leaves and 1575 Pine Needles. 
Furthermore, the analysis of soil material was validated by the employment o f IAEA 
Soil-7 reference material. In general very good agreement (<10%) was observed for 
most of the elements between the certified values and results obtained in this study.
Once the ICP-MS was optimised for the analysis o f gold in synthetic solutions 
and an accurate and reliable sample preparation procedure was developed for the 
routine analysis of gold in plant materials, the techniques were employed in three 
separate studies on ‘real’ samples.
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The second aim of this study was to investigate the uptake of gold from solution by 
bryophytes under experimental conditions. All four species of bryophyte employed in 
the study exhibited appreciable uptake o f gold over the course of the experiment 
(time= 8 weeks), with initial gold levels in the samples indicative of concentrations 
observed for background locations (approximately 0.7- 4 ng g'* dry wt ). However, 
after treating the species with a solution containing 10 pg mk^ gold and other elements 
at varying concentrations over the study period the levels of gold in the samples 
increased to well above 5 pg g'^ (dry wt.), with Polytrichuni commune exhibiting the 
greatest gold accumulation with a concentration o f 9.59 pg g-i (dry wt.) by the end of 
the experiment. No significant difference was observed between the uptake o f gold in 
the presence of only arsenic and in the multi-element solution. Significant correlations 
(P<0.001) were observed for most species between the uptake o f gold and arsenic, 
silver and copper. Samples employed for the uptake study were compared with similar 
species under control conditions. Therefore, it was concluded that any observed 
variation in elemental levels over the course of the uptake experiment could be 
attributed to accumulation by the bryophytes and not merely ‘natural’ variation in the 
samples. Furthermore, the mode o f uptake o f analytes from solution was investigated 
by washing half the plant materials analysed with a detergent/saline solution (0.05% 
Tween 80 dissolved in O.IM NaCl), and was found to be through intra-cellular 
absorption owing to the fact that the results that were obtained were from samples that 
were subjected to pre-washing with the aforementioned solution. Samples treated with 
gold and multi-element solutions of pH 8-10 dehydrated rapidly, underlying the need 
for acidic/neutral conditions for bryophytic growth.
The third aim of this study was to implement the techniques and methodologies 
o f biogeochemical exploration to a region o f gold mineralisation in the West Highlands 
o f Scotland. Biyophyte species and associated substrate were collected from four 
geobotanically mapped regions around the vicinity o f suspected auriferous terrain. 
Essentially, the investigation site was found to consist o f three zones o f gold 
mineralisation (based on statistical treatment of the gold data);
(i) a zone of distinct gold mineralisation with concentrations in plant and 
soil material as high as 620 and 302 ng g-i (dry wt.), respectively;
(ii) a zone comprising of two sampling sites o f anomalous gold levels, with 
gold concentrations in plant and soil material o f 138 and 123 ng g-l 
(dry wt.), respectively;
(iii) a zone of'background' gold levels in plant and soil material of 3.9 and 4.2 
ng g-i (dry wt.), respectively.
The bryophytic material collected from zone (i) exhibited, generally, enrichment 
of gold from the underlying substrate, with an enrichment factor of 2.05. This was also 
observed for bryophytes removed from zone (ii), although to a lesser extent (an 
enrichment factor of 1.12). No such enrichment in plant materials was noted for 
bryophytes removed from zone (iii)- an enrichment factor of 0.93 was determined. 
Furthermore, statistical analysis using a Student t-test performed on the data obtained 
from the three zones of mineralisation revealed that very highly significant (P<0.001)
244
differences existed for the gold concentrations present in both plant and soil material 
removed from each zone.
Correlation studies performed on the gold and multi-element content of 
bryophytes removed from the entire investigation site revealed that strong associations 
between Au and Ag, As, Cu, and Fe existed. These findings confirmed the results o f 
many studies carried out in the literature on elements associated with gold in plant 
materials. Furthermore, the apparent correlation between these elements was related to 
the underlying mineralisation and reflected the geochemical associations between the 
mineral suite present at the investigation site. The geographical location o f the 
sampling sites were also compared with the location of the gold mineralised vein 
structure and the gold levels determined in plant and soil materials were found to be 
indicative o f the extent of the underlying gold mineralisation. Therefore, the study 
confirmed that terrestrial bryophytes can be employed for biogeochemical exploration 
and can reflect the level of gold mineralisation in the underlying bedrock. Furthermore, 
their ability to uptake gold from the underlying substrate to relatively high levels, as 
shown at one zone in the investigation site, makes them useful in monitoring the 
mobility of gold in the surficial environment.
The fourth aim o f this study was to monitor the gold levels in plant (bryophyte 
and grass) and soil material removed from the vicinity o f an operating gold mine at 
Waihi in New Zealand. Samples o f plant and soil materials were removed from various 
sampling locations around the open mine pit and processing plant, together with a 
'background' location site. At all sampling sites bryophytic material exhibited higher 
gold levels than grass and soil materials indicating the ability o f bryophytes to 
accumulate gold to appreciable levels over other environmental media. The highest 
gold levels were found to exist in bryophytes removed from the treatment plant area 
where the gold is mechanically and chemically separated from its ore. A geometric 
mean gold concentration of 4791 ng g-i (dry wt.) was observed for bryophyte samples 
removed from this sampling location. These levels were found to be very much 
elevated when compared to bryophytes removed from an area employed as a 
background location, where a geometric mean gold concentration of 104 ng g-i (dry 
wt.) was noted. However, it was discovered, after the data were analysed, that the 
location used as a background site was not in fact a true reflection of background gold 
levels owing to its previous use as the old gold mine. Therefore, although the gold 
levels at this site are relatively low compared with the other sites it must noted that in 
future investigations at this mining area a true background site must be chosen.
A Student t-test used to evaluate the data obtained for the entire investigation 
site, showed significant differences for all the sampling locations with the exception of 
the tailings pond and tailings pond trials. This suggests a similar level o f gold loss to 
the surficial environment for both these sampling sites. Grouping both bryophytes and 
grass material under the general nomenclature of plant materials it was determined that 
the plant-to-substrate ratio was greater than 1 for all sample sites with the exception of 
the tailings pond and tailings pond trials. Therefore, it can be concluded that, with the 
exception of the aforementioned sampling sites, the plant materials removed from the 
investigation site display enrichment o f gold from the underlying substrate. However, 
airborne deposition (wet and dry) may account for these observations as opposed to 
merely uptake via root systems from the substrate. Furthermore, a correlation study
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performed on the data found a strong relationship between the'Au and Ag, Fe, Pb, and 
Zn of plant materials removed from the entire investigation site. These observations 
may reflect the mineral composition o f the mineralisation present at the site.
In conclusion, ICP-MS can be routinely employed for the analysis of gold in 
plant materials, even at the sub ng g-l level. This analytical technique lends itself to the 
area o f biogeochemical exploration, with advantages o f multi-element analysis, 
excellent detection limits and sensitivity. Furthermore, this study demonstrates the 
analytical problems involved in the determination o f gold in both synthetic and 'real' 
samples, and highlights certain criteria o f sample preparation and instrumental 
operating conditions which have to be adhered to before reliable and accurate analysis 
o f gold in plant materials can be achieved. Furthermore, this study demonstrates the 
use of plant materials, with particular reference to bryophytes, in the search for 
auriferous ground and in the biomonitoring of heavy metal contamination to the 
immediate environment from an operating gold mine.
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Investigations Into the use of Inductively 
Coupled Plasma Mass Spectrometry for the 
Determination of Gold in Plant Materials
Carl A. Williams, Fadi R. Abou-Shakra and Neil I. Ward
ICP-M S Facility, Chemistry Department, University o f  Surrey, Guildford, 
Surrey, U K  GU2 5X H
The measurement of gold in plant materials using inductively 
coupled plasma mass spectrometry is assessed in terms of 
instrument conditions and methodology problems 
encountered with the type of digestion method used. Factors 
including the nebulizer flow rate, forward power and 
selection of internal standard were optimized for maximum  
sensitivity and signal stability. Furthermore, different 
digestion procedures were compared for their recovery and 
reproducibility. Indigenous plants collected from the vicinity 
of a mine were analysed for their gold content. Levels of gold 
in the plant materials ranging from 5 to 7450 ng g“ i (dry 
mass) were noted with an instrumental detection limit of 
0.04 ng m l~i. The data obtained provide an indication of the 
concentration and dispersal of gold within the surficial 
environment of the mine and surrounding area.
Keywords: Inductively coupled plasm a mass spectrometry; 
gold; p lant material; digestion
Introduction
The use of plants in prospecting for gold is a well established 
technique of geochemical research.i Reported levels from  
non-mineralized areas show typical values around 0.005 
[xg g - i  ashed mass (ash m).^ However, levels as high as 125 
pg g - i  (ash m) have been reported for plants collected from  
mineralized regions.3 The main analytical techniques used for 
analysis have been instrumental neutron activation analysis 
(IN A A ), electrothermal vaporization atomic absorption spec­
trometry (E T A A S) and inductively coupled plasma mass 
spectrometry (ICP-MS). Table 1 shows a listing of the work
Table 1 Reported gold levels from background and mineralized 
locations using various analytical techniques
Aucontent/ngg“ i
Analytical1
Material Ash* Dryt technique
è Planti — 1-8 INAA
Douglas Fib* 290 — INAA
Twigs^ 10-20 — INAA
Bark (Spruce)^ 5-15 — - INAA
Bark (Pine)^ 10-20 — INAA
Leaves^ 8-18 — INAA
Leaves'^ 20 — INAA
Plant® — 50 AAS
Plant^ 180-1038 — ETV-AAS
Plantio — 100 ETV-AAS
Twigs“ 570 — ICP-MS
Tree bark^^ 340 — ICP-MS .
Humusi3 — 16200 ICP-MS
* Ashed mass basis, 
t Dry mass basis.
carried out on gold determination in plant materials using the 
aforementioned techniques.
The major advantage o f IN A A  is that the technique is 
non-destructive and subsequently no sample dissolution is 
required. Typical detection limits^^ o f IN A A  are in the range 
2-5  ng g - i .  A  more sensitive technique for the analysis o f gold  
is ETA A S with typical detection limits^s o f 0 .4  ng m l~i. 
However, for measurements on plant materials, the major 
disadvantage of ETA A S is the need for sample dissolution  
prior to analysis. Furthermore, non-spectroscopic matrix 
interferences have been observed when large amounts o f iron, 
copper and/or calcium are present in the sample.
Since its development in the early 1980s, ICP-MS has 
emerged as a front runner for trace elem ental and isotopic 
analysis. The technique is fast and sensitive, with reported 
detection limits for gold'i of the order o f 0.5 ng ml~L  
However, for the analysis of gold in plant materials, the 
disadvantage o f sample dissolution also applies.
The most popular chemical treatment for the dissolution of  
gold utilizes aqua regia or H Br-Br 2 , followed by extraction 
into isobutyl methyl ketone (IBM K). The latter step is 
necessary to separate the large levels o f silica normally 
encountered in plant materials. H ow ever, the use o f organic 
materials significantly impairs the performance o f the ICP- 
MS, causing instabilities in the plasma and blockage o f the 
orifices of the sampler and skimmer cones through carbon 
build up. Therefore other dissolution steps based on the use of  
hydrofluoric acid (HE) have been investigated. Hydrofluoric 
acid is well known for its ability to dissolve silicate-containing 
materials where the silica is lost from the matrix as volatile 
Sip4.
In this study, two different digestion procedures are 
described and compared. In addition, the analytical problems 
encountered during the analysis o f gold by ICP-MS are 
discussed and recommendations made.
Experimental
Chemicals
A qua regia acid solutions were prepared by mixing 1 part 
Aristar 69% H N O 3  and 3 parts A nalaR 72% HCl and diluting 
to the necessary final concentration with doubly distilled, 
de-ionized water (resistivity o f 18 MQ cm). D issolution was 
then carried out using AnalaR 48% HP. Elem ental standards 
were prepared by diluting various volum es o f 1 0 0 0  pg m l“ i 
standard solutions with doubly distilled, de-ionized water. 
The tellurium solution was prepared from 1000 pg ml~^ 
telluric acid solution and SnCla solution was prepared from a 
stock o f A nalaR stannous chloride. A ll the chemicals were 
from Merck (Poole, D orset, U K ).
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Instrumentation
ICP-MS determinations were carried out on a Finnigan-MAT  
SO LA  ICP-MS (Finnigan-MAT, H em el Hem pstead, 
England). A  summary o f the instrumental and operational 
parameters is shown in Table 2.
M ethod
The study falls into two parts. Firstly, synthetic gold solutions 
were used to optimize the performance of the instrument. 
Secondly, different digestion procedures were investigated 
and applied to plant materials collected from various sampling 
sites around an operating gold mine, prior to analysis by 
ICP-MS.
ICP-MS Analysis o f  Gold in Synthetie Solutions 
O ptim ization o f  the gold  signal
A  100 ng m l-1 gold solution in 5% aqua regia was prepared 
and introduced into the ICP-MS. The effect of varying the 
forward power and nebulizer flow rate on the gold signal was 
evaluated to determine the optimum conditions. The forward 
power was varied between 1 .1 - 1 .5 k)Y, and for each of these 
settings the nebulizer flow rate was varied between 0 .72 -
1.12 1 m in -i. The ion peak intensity for A u was corrected for 
the background at mass 198.
Internal standardization
In the analysis of biological samples by ICP-MS, it is common  
practice to employ an internal standard. A  review of the 
literature shows that indium has been extensively utilized as an 
internal standard for the analysis o f a variety o f elements 
including gold in different materials. Therefore, the suitability 
of indium as an internal standard for gold analysis was 
investigated. A  5% aqua regia solution containing 100 ng m l-i  
o f gold and indium was employed to observe the behaviour of 
the A u : In signal ratios over a time period o f 10 h. The same 
approach was then adopted for iridium, platinum and bis­
muth.
M em ory effects in ICP-M S
An evaluation of possible gold memory effects caused by 
reverse adsorption of the sample solution onto the ICP-MS 
uptake tubing was undertaken. Initially a 100 ng m l“ i gold 
solution was introduced for 10 min. This solution was then 
washed through with either doubly distilled, de-ionized water, 
or 1% H N O 3 , until the signal returned to background. In both 
these cases aqua regia was then passed through the tubing and 
the gold signal monitored. The experiment was carried out for 
varying strengths o f aqua regia, namely, 1, 5 and 8 %.
Table 2 Finnigan-MAT SOLA ICP-MS instrument and operating 
conditions
Instrument
RF forward power 
RF reflected power 
Spray chamber 
Nebulizer 
Solution uptake 
Operating conditions 
Argon flow rates/1 min~ ^  
Nebulizer 
Intermediate 
Coolant
Finnigan-MAT SOLA
Varied
<5W
Scott double pass 
Spetec V-groove 
Gilson minipuls (2 ml m in-i)
Varied
0.4
15
Detection limits
A  solution of 100 ng m l“ i o f gold in 5% aqua regia was 
prepared together with a blank o f the same acid solution. 
Using ICP-MS, six separate analyses for each solution were 
recorded, with each of these analyses representing three 
individual readings.
ICP-MS Analysis o f  Gold in Plant Materials
Digestion procedures
The aim of this experiment was to investigate potential 
digestion procedures for the analysis of gold in plant materials. 
Essentially such procedures consist o f an ashing and a 
dissolution stage. Two methods of dissolution were tested for 
their recovery and reproducibility.
Bulk plant material was prepared by mixing a cross-section 
of several bryophyte species, crushing them and homogeniz­
ing the mixture using a commercial food processor. Aliquots 
( 1 0  g) of this bulk material were removed and dry ashed at 
200 °C for 2 h in a muffle furnace (Gallenkamp, Lough­
borough, U K ). The temperature in the muffle furnace was 
then raised to 450 °C and held at this level for 24 h. The ashed 
aliquots (approximately 1  g) were then homogenized, 
weighed and subjected to one o f the two wet-digestion 
procedures.
Procedure 1, To the ashed material, 15 ml o iaqu a  regia and 
5 ml of 48% HE were added and the resulting solution was 
heated at 200 °C to incipient dryness. A qua regia (10 ml) was 
added and the solution was heated for 1 h at 80 °C. The 
samples were centrifuged (at 4500 rpm for 5 min), the 
supernatant was decanted and evaporated to incipient dry­
ness, and the remaining sample discarded. Concentrated (12 
mol 1-1) HCl (5 ml) was then added, the contents warmed and 
45 ml of water added. Subsequently, 5 ml of Te solution 
(prepared by dissolving 1 ml of 1000 pg m l-i Te standard 
solution in 10 ml of 1.2 mol l - i  HCl) and 5 ml of SnCl2  
solution (prepared by weighing 2 0  g of SnCl2  2 H 2 O, adding 
17 ml of 12 mol l - i  HCl and diluting to 100 ml with water) 
were added, in order to precipitate the A n onto Te. The 
contents were heated to near boiling. A  further 2 ml of SnCl2  
solution was added to ensure complete reduction and the 
solution heated for 20 min. The sample was filtered through a 
0.45 pm type HAW P filter paper (Millipore, Watford, U K ), 
washing with 1 mol l“ i HCl. The filter paper and precipitate 
were placed in a glass beaker and 5 ml of aqua regia added. 
The contents were evaporated to about 0.75 ml and diluted to 
10 ml with a solution which was 0.2% in H N O 3 and 0.02% in 
HCl (see Fig. 1).
Procedure 2. To the ashed material, 15 ml of aqua regia and 
5 ml o f 48% HF were added, and the contents evaporated to 
incipient dryness. A qua regia (5%, 10 ml) was then added, the 
samples centrifuged (at 4500 rpm for 5 min) and the super­
natant decanted and the remaining sample discarded. From 
each sample 1  ml of the solution was pipetted and diluted to 
10 ml with 5% aqua regia (see Fig. 1).
Recovery and reproducibility tests were carried out on the 
two procedures by spiking a piece o f filter paper ( < 0 . 0 1  g) 
with 1 0  pi o f 1 0  pg m l-i gold solution and adding this to the 
dry material prior to ashing. Ten aliquots were prepared for 
each procedure and analysed.
Analysis o f  bryophyte material collected from  a gold mining 
area
A s an application o f the methodologies developed in this 
study, plant materials were collected from four sample 
locations around an operating gold mine, namely, the mine 
open pit, treatment plant, tailings pond and background area.
i
I
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Investigations into the gold content of the samples removed  
from these sites should give an indication o f the extent o f the 
environmental impact of the mining operations on the gold  
content o f the surficial environment of the immediate vicinity.
Bryophyte species collected from the vicinity o f the gold 
mine were separated manually from their associated sub­
strate. The samples were then washed with copious amounts 
of de-ionized water to remove any further soil particles 
adhering to them. However, the plant material was not 
vigorously agitated while washing in order to avoid possible 
cellular damage and thence cellular leakage. After washing, 
the samples were dried in a drying oven (Gallenkamp) at 60 °C 
for 3 d. Then 8-10 g aliquots were weighed and digested as 
described in the previous section using procedure 2. N ote that 
in order to reduce the percentage of. total dissolved solids, 
0.25 g of ash were dissolved instead o f 1 g as previously 
described, though the same acid volumes were used.
Results and Discussion 
I C P - M S  A n a l y s i s  o f  G o l d  i n  S y n t h e t i c  S o l u t i o n s
Optim ization o f  the go ld  signal
A  maximum signal is obtained for gold by varying the 
nebulizer flow rate at particular power settings. Based on the 
results shown in Fig. 2, it can be observed that there are 
different local maxima depending on the nebulizer flow rate 
and the power setting of the ICP. The position of these 
maxima shift towards higher nebulizer flow rates as the power 
increases. Furthermore, the magnitude o f the signal at these 
points appears to increase as the forward power increases.
A s has been suggested in the l i te r a tu r e ,it  can be assumed 
that there is a zone within the central channel o f the plasma in
Procedure 1 
I 1 .0  g  A sh  I
i
1 5 m lA R  +  5 m l  H F
Procedure 2
15 ml AR +  5  ml H F
I  E v a p o ra te  to  incip ien t 
d ry n e s s
I  E v a p o ra te  to  d ry n e s s
lO m lA R  I 
I  H e a t fo r 1 hi
110  m l 5 %  A R  I
T
C en trifu g e  5  m in C en trifu g e  5  min
a t  4 5 0 0  rpm a t  4 5 0 0  rpm
T
D e c a n t s u p e r n a ta n t D e c a n t s u p e r n a ta n t
t  E v a p o ra te  th e  s u p e r n a ta n t  
5  ml 12  m ol HCl |
I W arm
P ip e tte  1 m l o f s u p e r n a ta n t  
a n d  d ilu te  to  10 m l with 5 %  AR
4 5 m lH 2 0 T
T A n a ly se  b y  IC P-M S
^S jT ilJe^sln^S ^
I  H e a t to  n e a r  boiling 
I 2  ml SnClg s in  ~ ]
I  H e a t fo r 2 0  min
F iiter (0 .4 5  pm  p a p e r)  I  _ -----------------
T o  p re c ip ita te  a n d  filter 
p a p e r  a d d  5  ml AR
i  E v a p o ra te  to  0 .7 5 ml
D ilute to  10  m l w ith sin  
(0 .2 %  H N O 3 + 0 .0 2 %  HCl)
A n a ly se  b y  IC P -M S
Fig. 1 Flow diagrams of the two dissolution procedures: AR, aqua 
regia-, HF, hydrofluoric acid.
which there is a maximum density o f gold ions. A n increase in 
the nebulizer flow rate shifts this zone closer to the sampling 
cone and further away from the load coil. A  maximum signal 
for the gold ions is obtained when the tip of the sampling cone 
is positioned in the centre o f this zone. A  further increase in 
the nebulizer flow rate results in the sampling o f ions from 
outside the zone thus registering as a drop in signal.
In agreement with the above mentioned reference, the 
results from this study fit the theory that an increase in plasma 
power pulls the zone o f maximum ion density towards the load 
coil. A s a result it is necessary to increase the nebulizer flow  
rate in order to obtain an optimal signal. The fact that the 
magnitude of the signal for the observed optimum increases 
with increasing power can be explained by the increase in 
plasma temperature at higher power settings.
Based on the observed trend, one can conclude that 
optimum settings o f the instrument would be achieved by 
selecting the highest power/nebulizer flow rate combination. 
Although such a combination is a rich ground for the 
formation of doubly charged species, the relatively high 
second-ionization energy of gold makes such an occurrence 
unlikely. However, since the maximum nebulizer flow rate 
that could be used under the current settings o f our system was
1 . 1 2  1 m in -i the optimum conditions used for the rest o f the 
study were a forward power o f 1.2 kW and a nebulizer flow  
rate o f 1 . 0 2  1 m in -k
Internal standardization
Changes in the i^'^Au: signal ratios during the course o f
the analysis are plotted in Fig. 3. It can be observed, that the 
^9?Au: iiHn signal ratio varies considerably with time. A  
careful consideration o f the distribution o f the data points in 
Fig. 3 indicates the presence of a certain trend which is not 
clearly defined. The ^^ '^ Au : ratios appear to drop steadily
over a period of 60-120 min before jumping back to a higher 
level. The reason for such behaviour is not clear and further 
investigations are required to identify it. How ever, for the
1.5
RIO
= 0.5
0.7 0.8 0.9 1.0 1.1
N ebu lizer flow rate/l m in"’
Fig. 2 Response ot the gold signal as a function of forward power and 
nebulizer flow rate. A , 1.1; B, 1.2; C, 1.3; D , 1.4; and E, 1.5 kW.
0.2
0.16
0.14
30 90 150 210 270 330 390 450 510
TIm e/m ln
Fig. 3 Variation in the i9’^ Au:’iHn signal ratio as a function of 
analysis time.
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purposes of this study, it is clear that the use of indium as an 
internal standard for the analysis of gold can lead to erroneous 
results and that there is a need to investigate alternative 
internal standards.
Owing to their proximity to gold in mass and ionization 
energy, iridium, platinum and bismuth (as the isotopes i^^Ir, 
i94pt  ^ i95pt  ^ i9spt and 209BÎ) were tested as potential internal 
standards. The variation in signal ratios (with a comparison of 
the 197A u : n^In signal ratio) as a function of analysis time can 
be seen in Fig. 4.
The variation o f  the i97Au: 1 1 %  signal again displays an 
erratic response. However, the 1 9 7 Au : i93ir, 1 9 7 Au : i94pt  ^
197A n : i9spt, 197An : i9spt and i97Au : 209gi ratios display very 
good stability over the analysis period. In deciding which of 
these isotopes to employ for internal standardization, several 
factors must be taken into consideration. Firstly, the internal 
standard must have a similar mass to charge ratio (m /z) as the 
isotope under investigation. For the above isotopes iridium 
and platinum closely match this prerequisite. Secondly, the 
internal standard must also have a similar ionization potential 
to the isotope under investigation. The ionization potentials 
for iridium, platinum, and bismuth are 880, 870 and 703.2 
kj m o l- i,  respectively. These values are in close proximity to 
the ionization potential for gold (890 kJ m ol~i). Thirdly, the 
internal standard must be mono-isotopic, or have a high- 
abundance isotope (i93ir has an abundance of 62.7% , plati­
num has six isotopes, namely, 190,192, 194 ,195 ,196  and 198 
with abundancies of 0.01, 0.79, 32.9, 33.8, 25.3 and 7.2% , 
respectively, whilst bismuth is mono-isotopic at 209). Finally,
12
10
. i
1
g
6005004003002000 100
Tim e/m in
Fig. 4 Stability of ratios as a function of analysis time. A , Au : i93ir 
( X 10); B, Au : ''5]n (xlOO); C, Au;209Bi (x 5 0 ) ;  D, A u :  i95pt (x 20 );  
E, Au:''«Pt (x 20 );  F, Au:i9spt ( x 5 ) .
the internal standard must not be present to a high concentra­
tion in the matrix under investigation. O f the three elements 
under scrutiny, Ir is the least naturally abundant elem ent in 
plant materials.
From the above discussion it can be seen that i93ir is the best 
choice of internal standard for gold analysis.
M em ory effects in ICP-M S
Following the introduction of a 100 ng m l“  ^ gold solution 
(signal reading about 300000 counts). Fig. 5 shows that a 
period of 20 min washing with de-ionized water is necessary 
for the gold signal to return to background levels (about 300 
counts). However, on addition of the aqua regia wash 
solutions, the gold signal increases dramatically (11813 counts 
for 1% aqua regia-, 15 693 counts for 5% aqua regia-, and 22 613 
counts for 8% aqua regia). The aqua regia wash solutions were 
run through until the gold signal was observed to reach 
background levels, which occurred after 16,11 and 6 min, for 
the 1, 5 and 8% aqua regia solutions, respectively.
The second experiment was performed by employing 1% 
H N O 3  instead of doubly distilled, de-ionized water. A s can be 
observed in Fig. 5, the wash with this solution took about 
16 min to return the gold signal to background levels. Again, 
on addition of the aqua regia wash solutions, there was a 
significant increase in the gold signal, with an increase from  
background levels to 10153 counts for 1%, 15 583 counts for 
5% and 19 913 counts for 8 % aqua regia.
From these observations it can be concluded that a residual 
gold signaMs still present in the system, even after a thorough 
wash with 1% H N O 3  solution. However, on addition of the 
aqua regia wash solutions it appears that the signal returns to 
background levels with no residual gold adhered to the tubing. 
The most efficient of these aqua regia wash solutions is 8 % 
aqua regia, which returns the signal to background levels in 
the shortest time period, thus improving sample throughput.
Following the introduction of 100 ng m l“  ^ iridium (signal 
reading about 700000 counts), the uptake tubing was washed 
with doubly distilled, de-ionized water. A  period of 20 min, 
was required for the signal to drop to background levels 
(signal reading about 500 counts). In a similar manner to that 
observed for gold, the addition o f aqua regia stripped an 
appreciable amount of iridium from the tubing. Fig. 5 shows 
clearly that the use of 8 % aqua regia clears the uptake from 
both gold and iridium within the shortest time period.
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Fig. 5 Washout with (a)-(c) de-ionized water then 1, 5 and 8% aqua regia, respectively and (d)-(f) 1% HNO3 then 1, 5 and 8% aqua 
reg/fl, respectively. A , Ir; and B, Au.
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Detection limits
The detection limit for gold, calculated as three times the 
standard deviation of the signal produced from 18 readings of 
a 5% aqua regia solution, was found to be 0.04 ng m l-h  This 
detection limit is very favourable when compared with 
detection limits cited in the literature for ICP-MS (0.5 
ng ml~i).i> Although this improved detection limit is partly 
due to the high sensitivity of the instrument in use, it must be 
noted that detection limits are dependent on other factors such 
as the instrument set-up, quality o f the blanks, the age 
(sensitivity) of the channel electron multiplier and the status of 
the sampling cones. One should therefore be very cautious 
when comparing detection limits from different ICP-MS 
instruments.
I C P - M S  A n a l y s i s  o f  G o l d  i n  P l a n t  M a t e r i a l s
Digestion procedures
Procedures 1 and 2 were assessed in terms o f their reproduci­
bility (Fig. 6) and recovery (Table 3).
The lower recovery and poor reproducibility o f procedure 1 
indicate that gold present in the material has been lost during 
the pre-analysis stage. This may be owing to the fact that this 
procedure has many stages where gold may be lost from the 
sample, notably taking the sample to ineipient dryness 
repeatedly, with subsequent transfer between containers. 
However, in contrast, procedure 2 displays excellent recovery 
and reproducibility and is far less complex than the first 
procedure. Therefore, this procedure was adopted for all 
further analysis of gold in plant materials.
G old in bryophyte material fro m  a gold  m ining area
Table 4 shows the range and mean values of gold concentra­
tions obtained from the analysis of bryophyte material 
collected from the vicinity of the mine and surrounding areas.
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Fig. 6 Reproducibility of the digestion procedures, (a) Procedure 1; 
(b) procedure 2 .
Table 3 Recovery of a 100 ng ml-1 gold spike by the two digestion
procedures
Procedure Recovery (%)*
1 65.8 ± 16 .9
2 102 ± 3 .6
* Mean ±  standard deviation {n = 10).
Table 4 Gold concentrations in plant material from the vicinity of the
gold mine
Location Bryophyte material/ng g~i*
Mine open pit 9-2088(223)
Treatment plant 2560-7450(4310)
Tailings pond 57-2072(571)
Background 81-131(106)
* All concentrations expressed on a dry mass basis.
From Table 4 it can be observed that the bryophytes 
removed from the treatment plant area display the highest 
level of gold accumulation. This observation can be accounted 
for by the fact that at this sampling site the gold is leached from 
the rock, and thus there is a greater loss of gold to the 
immediate environment. These values are elevated in com ­
parison with the gold concentrations for material removed 
from ‘background’ locations.
The gold concentrations observed for samples removed 
from around the mine open pit display a very large range 
(9-2088 ng g^i with a mean of 223 ng g - i ) .  This spread in gold 
level is also apparent in samples removed from the tailings 
pond area. The spread in gold concentration may be due to the 
fact that these sampling locations represent the largest areas 
available for removal o f plant materials, with the open mine 
pit covering a surface area o f about 24 ha. A  large, range of 
concentration was therefore to be expected.
Investigations into the observed high background levels led 
to the discovery that the sampling site was the location of an 
old gold mine which had been closed for many years. It can be 
assumed therefore that this area still has gold available for 
accumulation by the local flora.
Reading et al. reported that in a mineralized zone in the 
Canadian arctic, gold levels were as high as 2300 ng g-^ (dry 
m) in species of Betula glandulosa  and L edum  decum bens.^^  
Concentrations of 1380 ng g~ i in the ash of D ictronia  
squarrosa  from around an operating gold mine were also 
reported.9 These data are in good agreement with the results 
of this work, in so muçh as anomalously high levels o f gold  
were also found. Furthermore, a study carried out on the gold 
concentration of alder leaves reported levels ranging from 
5-48 ng g - i  (ash m) in early June to 8-24 ng g “ ' (ash m) in 
September of the same year.5 In a similar study, the same 
author^ reported levels o f gold from a mineralized area o f 50 
ng g - i  in the ash of alder twigs and 10 ng g~ i for the same 
samples from background locations. These values suggest that 
the concentrations o f gold in plant material (leaves and twigs) 
are lower than those observed in this study (bryophytes).
Conclusions
The research discussed in this paper indicates that a high 
recovery, fast and reproducible digestion procedure has been  
developed for the analysis o f gold in plant materials by 
ICP-MS. However, before such a pre-analysis protocol could 
be employed, certain instrument parameters had to be 
investigated. Optimization o f the instrument signal response 
to the 197An ion was addressed through varying the forward 
power and nebulizer flow rate. An increase in the forward 
power produced an increase in signal, though for optimum  
response this necessitated a shift to a higher nebulizer flow  
rate. Under the conditions adopted in this study, a forward 
power of 1.2 kW and a nebulizer flow rate o f 1.021 min“ * were 
found to be optimal.
The use of indium as an internal standard led to an erratic 
response over an analysis period of 10 h. In contrast, by using 
iridium, a stable signal over the same analysis period was 
achieved. Iridium was therefore adopted as the appropriate 
internal standard.
This research has clearly demonstrated that there is a 
definite problem of reverse adsorption o f both gold and 
iridium onto the sample uptake tubing. H ow ever, preparation 
of samples and standards in 5% aqua regia and the em ploy­
ment of an 8% aqua regia wash solution betw een samples 
appears to eliminate this problem.
These methodologies were adopted for the analysis o f gold 
in plant materials from various sample sites around an 
operating gold mine, with a detection limit o f 0.04 ng mUC It
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can be observed from the results in this paper that a large 
order of magnitude variation in gold concentration is reported 
for the same mass to volum e ratio of sample. This reflects the 
wide linear dynamic range o f the ICP-MS.
Finally it must be noted that the data presented in this study 
are reported on a dry mass basis in contrast to most o f the data 
available in the literature where the ash mass is used. On 
ashing, the inorganic ions are effectively preconcentrated in 
the material by a factor o f 8-10. Thus, our data, reported on 
dry mass prior to ashing, and therefore without the benefit of 
this preconcentration, illustrate the excellent sensitivity of 
ICP-MS for ultra-trace elemental analysis.
Useful technical discussions with Dr. M. P. Rayman are 
gratefully acknowledged.
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